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LABORATORY TESTS OF THREE-SPAN REINFORCED 
CONCRETE ARCH RIBS ON SLENDER PIERS 


I. INTRODUCTION 


1. Object and Scope of Investigation—This bulletin contains the 
report of tests of a single-span arch rib and also of a structure consist- 
ing of a three-span series of arch ribs on slender piers. The objects of 
the tests of a single-span arch rib were to try out on a simple struc- 
ture the apparatus that was being built for use in testing the more 
complicated three-span structure; and to determine experimentally 
the elastic properties of a single-span arch rib which was to be used 
_as the basis of comparison in studying the effect of the elastic defor- 
mation of the piers upon the properties of a three-span arch series. 
The objects of the tests of the three-span structure consisting of a rib 
without deck were to determine the load-carrying capacity of the 
structure, and to compare the values of reactions and strains measured 
in the laboratory with values of the corresponding quantities obtained 
by the elastic theory. There are a number of reasons why this com- 
parison is desirable. 

The elastic theory, when applied to a multiple-span arch series on 
high elastic piers, taking into account the deformation of the piers, is 
‘complicated. Comparatively few engineers have acquired such a 
mastery of this method of analysis as would justify them in using it 
with the complete confidence which they should have in an analytical 
‘method to be used in the design of large important structures. It is 
believed that an experimental verification of this theory will be 
welcomed by engineers who are called upon to use it. 

Tests of a multiple-span arch series having a rib without deck are 
desirable to determine whether or not errors in the assumptions upon 
which the analysis is based cause errors in the results of the analysis. 
Engineers who have mastered this method of analysis have the same 
confidence in it that they have in the methods of analysis used for 
simpler structures. That is, they are confident that the results will be 
correct if the assumptions upon which the analysis is based are cor- 
rect. But the assumptions upon which the analysis of a reinforced 
concrete arch is based are known to be in error. Tests of single-span 
arches with fixed ends* indicate that the errors in the assumptions 


*See Sections 15 and 16 of this Bulletin and Bulletins 202 and 226 of the Engineering Ex- 
periment Station of the University of Illinois. 
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upon which the analysis of single-span arches is based do not seriously 
affect. the results. It was hoped that, as a result of these tests, a 
similar statement could be made relative to multiple-span structures. 

The three-span structure having a rib without deck can be analyzed 
by an all-algebraic process (the elastic theory). Tests of this struc- 
ture were followed by corresponding tests of a three-span arch series 
having spandrel columns and a deck,j a structure which cannot be 
readily analyzed by an all-algebraic process. A comparison of the re- 
sults obtained by algebraic analysis with those obtained by tests, 
whether the two sets of results are in complete agreement or not, will 
be helpful in judging of the dependability of the experimental work 
to follow. 

This investigation includes tests to determine 


(1) reactions at the springings due to movement of the abutments 
and of the tops of the piers, frequently designated as the “elastic con- 
stants” of the arch; 

(2) influence ordinates for reactions at the springings by applying 
a unit load of one ton successively at various load points; 

(3) vertical deflections of the load points due to movement of the 
terminals, the abutments and pier bases; 

(4) reactions at the springings and strain in the concrete at sec- 
tions midway between the load points due to the design load; and 

(5) ultimate load-carrying capacity of the structure. 


2. Acknowledgments.—The tests described in this report are a part 
of the investigation resulting from a codperative agreement entered 
into by the Engineering Experiment Station of the University of Illi- . 
nois, of which Dnan A. C. Wiarp is the director, and the United™ 
States Bureau of Public Roads, THomas H. MacDonatp, Chief of 
Bureau. The tests were planned by the authors in consultation. with 
Mr. E. F. Keuiny, Chief of Division of Tests, and A. L. GmmMEny, 
Senior Structural Engineer, both of the United States Bureau of Pub- 
lic Roads; and with Pror. Grorce E. Bracs, E. H. Harper, A. C. 
JANNI, and Pror. Crype T. Morris, members and chairmen, respec- 
tively, of the Committee on Concrete and Reinforced Concrete Arches 
of the American Society of Civil Engineers. The experimental work 
was done by Ratpn Kuvex, Special Research Assistant in Civil En- 
gineering, assisted by F. B. MrerrerHavsen, JoHn N. Pirox, NATHAN 
M. Newmark, and Grorcsr E. Jewrrr, Research Graduate Assistants 
in Civil Engineering, all working under the supervision of W. M. W1L- 


tThese tests are reported in Bulletin No. 270. 


“neering. The computations involving the experimental data were made 
by E. C. Grarton, Assistant Professor of Structural Engineering, 
Armour Institute of Technology. | 

The tests were made in the Materials Testing Laboratory of the 
| University of Illinois. The direct expenses of the tests were paid from 
Beds: provided by the United States Bureau of Public Roads, the 
American Society of Civil Engineers, the Engineering Foundation, 
‘Universal Atlas Cement Company, Illinois Steel Company, American 
‘Bridge Company, Jones and Laughlin Steel Corporation, Interstates 
‘Sand and Gravel Company, Lincoln Sand and Gravel Company, Neal 
Sand and Gravel Company, and Fairbanks, Morse and Company. 


PART. T_. 
TESTS OF SINGLE-SPAN ARCH RIB 


II. DEscRIPTION OF SPECIMEN AND APPARATUS 


3. Description of Specimen—The dimensions of the rib and the 
size and location of the reinforcing steel for the single span are shown 
in Fig. 1. The concrete was designed to have a strength of 2200 lb. 

per sq. in. at 28 days. The sieve analysis is given in Table 1. A 

1:3:3 mix having a 1.2 water-cement ratio (by volume) was used, the 
quantities for a batch being determined by weight. In determining 

the weights correction was made for the moisture content of the ag- 
 gregate. The weights for a batch, based upon oven-dry aggregate, 
were: cement 34.8 lb., water 27.9 lb., sand 122.6 lb., and gravel 113.3 
lb. Each batch was mixed at least four minutes. Hight 6-in. by 12-in. 
control cylinders were made, one from each of eight batches. 

The arch was poured October 17, 1931 and allowed to cure in the 
form, which was entirely closed, until October 27, when the form was 
removed. The arch stood in the laboratory uncovered and without ad- 
ditions of moisture until the tests began. The air was dry, and its 
temperature was fairly constant at about 80 deg. F. The control cylin- 
ders were stored in the laboratory near the arch. 

The stress-strain diagrams for the control cylinders are shown in 
Fig. 2, and the ultimate strength and modulus of elasticity of the con- 


crete are given in Table 2. 
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Fic. 1. Dimensions or ArcH Ris 


TABLE 1 


SirvE ANALYSIS OF AGGREGATES 
Single-Span Arch Rib 


Percentage Not Passing Sieve 
Size of Sieve 
Fine Coarse 
Aggregate Aggregate 
OL Ehsvcciapareters fo: cvs b tein eels age tyeraiekeraiaieiotate 0.0 0.0 
1: TD Sains ccovarorane vn sere a tormaaee teeena aeons ote 0.0 36.2 
OSTS. insccetivie shy chicken ee coat 0.0 92.6 
IN OF ALS ew ist oncanetaus 8 ieee uerenere atemmenate 3.5 99.1 
IN O46 Beccuencnaceieusmcintete she eae eeihanda rae 16.4 99.5 
No. 142552 % sieve craters a vie neteeraoe 33.7 100.0 
INOS 2B i%.s sitcreaiy wiats sta atone 56.1 100.0 
NOv ASS Sein atiecsnteive tet eee eeee 84.0 100.0 
NOL LOO. cic crane ie memiaye oetetiaeieie eter 97.5 100.0 
Bineness modulus... eetiosme cea 2.91 7.27 


4, Analysis of Specimen.—The specimen was analyzed and the 
fixed-end reactions and the elastic constants are given in Table 3. 
The quantities in one portion of the table are for a value for n, the 
ratio of the modulus of elasticity for steel to that for concrete, of 12, 
and the quantities in the other portion are for a value for n of 9. 


The small effect of the comparatively large variation in n upon the 
fixed-end reactions is of interest. 
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TABLE 2 
PuysicaL PROPERTIES OF CONCRETE, AS DE- 
TERMINED BY TESTS OF 6-IN. BY 12-IN. 
ConTROL CYLINDERS 


sas eet Arch Rib 
102 days 


Ulti Modulus of 
ltimate Elasticity 
Cylinder No.* Strength in 106 
lb. per lb. per 
sq. in. aq. in 
El 3390 3.24 
E2 3900 3.17 
E3 3750 3.64 
EK4 3430 3.27 
Wi 4660 3.78 
w2 3560 3.52 
W3 3750 3.34 
w4 3740 3.43 


*Cylinder numbers indicate position in arch of batch 
from which cylinder was poured, the numbers beginning 
with 1 at the ends and increasing toward the center. 


The influence ordinates for stress at various sections, as computed 
by the elastic theory and based upon a value for n of 9, are given in 
Table 35. The most vulnerable point in the arch rib is at the extrados 
at the section through load-point 3. 


5. Description of Apparatus—The apparatus was designed and 
built specially for these tests. The load upon the structure was pro- 
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TABLE 3 


ELAstic CONSTANTS 
Single-Span Arch Rib 


Reaction of East Abutment 


n = 12 n=9 
Unit Load at 
Hori- ‘ Hori- : 2 
Moment, zontal | Vertical Moment, zontal brn 
in. lb. Reac- | ,Reac- in. Ib. Reac- eat 
tion, Ib. | tion, 1b. tion, Ib. | tion, - 


—23.7087 | 0.1201 | 0.9780 | —23.79363 | 0.11934 | 0.978183 


F F ‘ 5 0.906284 
— 8.9842 | 0.7894 | 0.7755 | — 9.12423 | 0.78948 | 0.776129 
+11.2492 | 1.0270 | 0.5981 | +11.84849 1.03658 | 0.598312 
+25.0286 | 1.0270 | 0.4019 | +25.70161 1.03658 | 0.401688 
+26.2682 | 0.7894 | 0.2245 | +26.34156 | 0.78948 | 0.223871 
+16.6306 | 0.4256 | 0.0944 | +16.64177 0.42452 | 0.093716 
+ 5.1585 | 0.1201 | 0.0220 | + 5.13757 | 0.11934 | 0.021817 


MoveMEnNT oF ABUTMENTS 


Spread OAOine. foe ee. were vas —66 937 1018 0 —84 142 1279 0 
Settlement 0.10 in........... +10 163 0 63 +12 734 0 79 
Rotation of east abutment, top 

tippingin. 0.001 radian...| +63 987 669 102 +80 374 841 127 
Rotation of west abutment, top 

tipping in. 0.001 radian...} +31 058 669 102 +39 116 841 127 


A plus (+) moment produces tension at the intrados. 


duced by suspending concrete blocks of known weight at the load 
points of the rib. For each load point there was one large concrete 
block suspended by four steel rods, as shown in Fig. 3, which served 
as a loading platform on which to place smaller blocks that, in com- 


bination with the loading platform, constituted the total load to be « 


applied at a particular point. When the arch was unloaded, the load-~ 
ing platform rested upon supports provided for the purpose and the 
loading beam was carried on the steel suspension rods acting as struts. 
To apply the load the turnbuckles in the suspension rods were turned, 
shortening the rods, until the loading beam came into contact with 
the loading shelf. The turnbuckles were then turned, successively, by 
small amounts in order, back and forth from one end of the struc- 
ture to the other, thereby transferring the weight of the loading plat- 
forms gradually from the supports to the arch. Each loading shelf on 
the arch was capped with a steel plate with a %4-in. steel ball located 
in its top surface and at the point of application of the load. The 
loading beam had a small steel block attached at the center of its bot- 
tom flange. A depression in the bottom of this block fitted over the 
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Fig. 4. Wricoinac APPARATUS AND SUPPORTS FOR ABUTMENTS 


top of the ball in the steel plate on the loading shelf, thus accurately 
locating the point of application of the load. 

The load at a given load point for a particular test was obtained 
by placing concrete blocks of known weight upon the loading plat- 
form until the desired load had been obtained. Each abutment was 
supported on two vertical scales as shown in Fig. 4. The load was 
transmitted from the abutment to the scales by means of jacks, two 
for each scale, one on the north and the other on the south side of the 
abutment. The contact between the abutments and jacks was through 
knife-edges embedded in the abutment so that the line of action of the 
vertical forces weighed by each scale was accurately known. An 
abutment could be raised or lowered without rotation by extending 
or depressing all jacks by the same amount; or it could be rotated 
about a horizontal north-and-south axis by extending both of the 
east jacks and depressing both of the west jacks, or the reverse. The 
vertical scales were mounted on carefully-machined steel rollers 10 
inches in diameter that ran upon a carefully-machined track so that 
the vertical scales offered practically no resistance to horizontal 
motion. 

The horizontal reaction of each abutment was measured by means 
of a horizontal scale, as shown in Fig. 4. This scale consisted of two 
right-angle levers (bell cranks), one on the north and the other on the 
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south side of the abutment, that received the horizontal thrust through 
links and converted it into a vertical force that was delivered to a 
‘platform scale. The bell crank had a nominal multiplication ratio 
of 10 to 1, the actual multiplication ratio being determined for 
each. The link connecting an abutment and horizontal scale had 
knife-edge contacts at both ends. The link was maintained in a hori- 
. zontal position and the line of action of the horizontal reaction was 
determined from the position of the knife-edge embedded in the abut- 
ment. An abutment could be moved horizontally by turning the link, 
since it had a right-hand thread at one end and a left-hand thread at 
the other. The strain in the concrete was measured with an 8-in. 
Berry strain gage. Readings were taken on two gage lines on the in- 
_trados and two on the extrados at the section midway between each 
pair of adjacent load points. Strains were measured for the design- 
load tests and for the tests to determine the load-carrying capacity of 
the structure. 

The angular position of the abutments was determined with level 
bubbles attached to the structure at the points where the rotation was 
to be measured. The bubble tubes were carried on steel bars fastened 
to steel pins projecting from the rib on a transverse section through 
the springing, as shown in Fig. 5. 

In tests for which the abutments were fixed, the bubbles were ad- 

_justed so as to be in their mid-position before the test began and, after 
the load was changed, the abutments were rotated till the bubbles re- 
turned to their central position; in tests for which a predetermined 

angular movement was to be produced, the position of the bubble was 

read before the test began, and then the abutments were moved by 
manipulating the jacks supporting them until the bubble had moved 
by an amount which, as shown by a previous calibration, corresponded 
to the desired rotation. 

The vertical movement of the load points and of the abutments 
was measured with a hydrostatic gage. This consisted of a number of 
hook gages, one at each load point and one at each abutment, all con- 
nected to a single pipe line in such a manner that the water surface 
was at the same level for all gages at any instant. 

The changes in span were measured by means of two Ames dials 
attached to long rods, one on the north and the other on the south side 
of the arch. The east end of each rod was connected to the east abut- 
ment at the springing of the arch and the west end carried an Ames 
dial whose plunger bore upon a steel pin projecting beyond the side of 
the rib at the west springing. The dials mounted in this manner in- 
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dicated the changes in span of the arch. Figure 5 shows the Ames 
dials that indicated the span, the bubbles that indicated the rotation, 
the hook gage that indicated the elevation of the abutments, and one 
of the links that transferred the horizontal thrust upon the abutment 
to the right-angle lever of the scales that weighed the horizontal 
thrust. The bar carrying the bubble was attached to two pins pro- 
jecting from the vertical face of the rib, and was loeated on a trans- 
verse section at the springing. 
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6. Sensitiveness and Accuracy of Apparatus—Although the most 


striking feature of these tests is the size of the specimens, the most 


important feature is the accuracy with which the quantities had to be 


measured. Although extreme accuracy was not required in testing the 


single-span structure, the tests upon this structure were considered as 


a training in preparation for the tests of the three-span structure to 


follow, for which extreme accuracy was essential. 

Check readings were taken on all instruments. The tolerance for 
the hook gages was 0.001 in., and for the 8-in. strain gage it was one 
division on the dial, ‘or 0.000025 in. per in. The dials indicating the 
span were read to 0.001 in., and the links could be turned so as to 
produce movements of the abutments of that order. It is realized, 
however, that any considerable change in the temperature would pro- 
duce an error of several thousandths of an inch, but the temperature 
of the laboratory was very constant, seldom varying more than one 
degree F. during a test. 

The vertical scales were calibrated with weights to a load of 
60 000 lb. Two 10 000-Ib., two 1000-Ib., and one 500-lb. standard 
weights,* were used to calibrate one of the scales for the lower range. 
This scale was then used to weigh the large concrete loading platforms 
shown in Fig. 3, and the latter were used with the standard weights to 
calibrate the scales up to 60 000 lb. It was expected that the most 
severe requirement of the scales would be to weigh accurately a com- 
paratively small increment to a large load, but it was found that the 
scales would detect a 2-lb. weight when added to a 60 000-lb. load. 
Since the load increments were added without shock or jar, and since 
the scales were always heavily loaded and there was no chance for any 
of the parts of the scales to shift, it is believed that the increments in 
the vertical reactions were weighed with an extremely high degree of 
accuracy. 

The horizontal scales were not calibrated. Instead, the multipli- 
cation ratio was obtained from the measured distance between knife- 
edges. The main knife-edges were approximately 12 inches apart and 
the distance between them was measured with a steel scale graduated 
to 0.01 in. read with a reading glass. Each measurement had a maxi- 
mum probable error of not more than 0.01 in., or 0.08 per cent. Read- 
ings were taken on both sides of each lever, and there were two levers, 
or four readings, for each scale. The probable error is believed to be 


not greater than 0.05 per cent. 


. *The standard weights were loaned by the Master Scale Depot of the National Bureau of 
Standards, Harry M. Roeser, Engineer in charge. 
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The bubbles, used for measuring the rotation of the abutments, — 
were very sensitive. They were calibrated in order that they might . 
be used to measure the magnitude of a rotation as well as to deter- 
mine when an abutment had been returned to its normal position. The 
bubbles varied somewhat, but in general one division difference in the 
readings at the two ends of a bubble corresponded to an angle change ~ 
of 0.000023 radian. The level bubble is both very sensitive and very © 
reliable. It is possible, however, to introduce an error in its use if, in 
attaching the bubble, a strain is produced in the case which, in turn, 
produces a strain in the vial. For if there is a strain in the vial when 
the bubble is attached to a structure its radius of curvature may not 
be the same as when the bubble was calibrated. If the bubble is at- 
tached in such a manner as to avoid straining the vial this possibility 
of error is eliminated. 

The tracks for the rollers supporting the vertical scales were 
leveled with extreme care so that the tendency to roll down hill would 
not affect the reading of the horizontal scales. Likewise, the links 
connecting the abutments to the horizontal scales were leveled ac- 
curately so that the vertical component of the stress in the link would 
not be of sufficient magnitude to seriously affect the readings of the 
vertical scales. 
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7. Loads.—The loads, which were gravity loads, were applied to 
the rib at eight loading shelves located as shown in Fig. 1. The load 
was considered as being made up of two parts, a dead load and a live 
load. In selecting the magnitude and distribution of the load, the 
specimen was considered as a model, built to a scale of 1 to 5, of an 
arch rib having nine panels 15 ft. long and a span and rise of 1365 ft. E 
and 33 ft. 9 in., respectively. The load which has been designated ag 
the dead load is not the actual weight of the specimen, but the load 
that produces stresses in the specimen commensurate with the dead- 
load stresses in a 135-ft. arch. The dead-load panel loads were pro- 
portioned relatively to each other so as to keep the dead-load thrust 
within the kern of the arch over its entire length. The load that has 
been designated as the design dead load is shown in Fig. 6. The 
weights given are the super-imposed load, and do not include the 
weight of the rib, but do include the weight of the suspension appa- 
ratus and loading beams. 

The selection of the design live load was governed by the standard 
specifications for highway bridges. The specifications provide that the 
live load be made up of two parts, a distributed load expressed in 
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pounds per linear foot of roadway, and a single concentrated load on 
one load point. Since the specimen represented an arch having 15-ft. 
panels, the relation between the panel load due to the distributed live 
load and the single concentrated load was the same as it would be 
for a bridge having 15-ft. panels. The distributed live load may cover 
any portion of the length of the roadway and the concentrated live 
load may be applied at any load point, but at only one, and it is in 
addition to the panel load due to the distributed live load. The load 
that has been designated as the design live load consisted of a dis- 
tributed live load equivalent to 960 lb. per panel on any portion of the 
roadway, and an additional concentration of 1800 lb. on one panel 
point. The distribution of the live load shown in Fig. 6 produces in 
the arch the largest stress that can be produced by the dead load and 
the live load. The maximum stress produced by this load occurred at 
the extrados at load-point 3. 

The selection of the dead load and the live load shown in Fig. 6 
has been influenced by the following considerations: 

The ratio of the dead load to the live load should be within the 
limits that might reasonably be encountered in the design of a high- 
way arch bridge having a 135-ft. span. 

The ratio of the distributed live load to the concentrated live load 
should be within the limits encountered in practice. 

The dead-load stress and the live-load stress should not differ 
greatly at the section where the combined stress is the greatest. 
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The design loads shown in Fig. 6 meet these requirements, but they 
are subject to the criticism that the combined dead-load and live-load 
stress is greater than would be permitted for the grade of concrete 
usually specified for concrete arches. 


III. Description or TESTS 


8. Dead-Load Abutment Reactions—-Two series of tests were 
made to determine the dead-load abutment reactions. The dead load 
was applied and removed a number of times previous to the tests 
for which data are reported. The procedure for the first series for 
which data are reported was as follows: 

The abutments were brought to their normal position with no load 
on the arch rib except its own weight. The normal span was deter- 
mined by adjusting the links until the horizontal scales showed a hori- 
zontal thrust equal to that due to the weight of the rib as determined 
by the elastic theory. Likewise the normal angular position of the 
abutments was determined by rotating them until the vertical scales 
indicated a moment at the springings equal to that due to the weight 
of the rib, as determined by the elastic theory. The bubbles were then 
adjusted so that they were in their mid-position. The abutments hav- 
ing thus been brought to their normal position all readings were re- 
corded. These readings include those of the dials indicating the span, 
those of the bubbles indicating the angular position of the abutments, 
and those of the horizontal and vertical scales that indicate the abut- 
ment reactions. 

In the first series of tests the scale readings were recorded before 


and after each of eight load changes; for four of these the dead load « 


was put on the arch and for the other four it was removed. The time 
interval between the two sets of readings, one before and the other 
after a load change, was usually about 2 hours. 

The dead load was applied gradually, and as the load increased 
the span would also increase. To prevent the spread of the abutments 
from cracking the rib, the links connecting the abutments to the hori- 
zontal scales were adjusted as the load came upon. the arch so as to 
keep the changes in the span small. After all of the dead load had 
been transferred to the arch, a final adjustment was made to bring the 
abutments as nearly as possible to their normal position. Perfect ad- 
justment was not possible, but the difference in dial readings before 
and after a load change was always small, being of the order of 0.0003 
in., and no correction was made for the differences indicated. The 
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TABLE 4 
Drap-Loap Horizontal ABUTMENT Reactions; First SERIES 
F Single-Span Arch Rib 
—_———————————— ee 
Change in aoe Reaction 
Load Change 
West East 
Abutment Abutment Average 
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Ge Olbarett S clasts scents = "RS Re ee roomed 26 760 26 518 26 639 
MERAORGUOD = acc s.e c/s eas sic 3 ame sie'cje ws so sees 26 730 26 470 26 600 
PGR LOBE Off cca occas cent e ne nc art cas eeaesccsces 26 496 26 314 26 405 
IRR NORD Oia sisuc sue evens ree cs ss sec encaccse’e 26 421 26 350 26 386 
REBT ROBO Olficiis vic cic whe a 6 Sia oes else os owe ele nie 60s 26 588 26 474 26 516 
VA VOLAGO sain cic es inivle «cise oo x bivleie|n is/elolsiele w/eimivie 26 648 26 464 26 556 


difference in temperature before and after a load change was also 
small, and no correction was made for temperature changes. 

The dead-load abutment reactions obtained from the first series of 
tests are given in Tables 4 and 5. 

The results of the various tests of this series agree fairly well, but 
the differences are greater than might be expected from the per- 
formance of the scales during calibration. The fact that the sum of 
the increments of the vertical reactions did not have the same value 
for all tests indicated that there were some errors in the results. For 
this reason a second series of tests was made in which the following 
procedure was used in determining the reactions: With no load upon 
the arch, the links and jacks were adjusted so as to bring the abut- 
ments to their normal position, the adjustments being made in such a 
manner that the horizontal moveinent of both abutments was to the 
east. A full set of scale readings was then recorded, and both abut- 
ments were moved 0.05 in. further east and a second set of scale read- 
ings was taken. Likewise two sets of readings were recorded, one after 
each of two adjustments in each of which both abutments were moved 
west 0.05 in. Thus before and after each load change four complete 
sets of scale readings were taken, and the structure was rolled 0.05 in. 
before each set, the direction of rolling being twice to the east and 
twice to the west. A complete readjustment of the abutments for span 
and angular position was made after each movement before the read- 
ings were taken. 

The changes in reactions due to the application and removal of the 
dead load are given in Tables 6 and 7. Table 6 gives the horizontal 
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TABLE 6 
Deap-Loap HorizonTat ABUTMENT REACTIONS; SECOND SERIES 


Single-Span Arch Rib 
Each value is the average of four readings 
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Change in pron eon Reaction 


Load Change ———EE anne 
West East 
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thrust, and Table 7 the vertical reactions and moments at the spring- 
ings. The values of the increments in the horizontal thrust are not 
quite the same at the two ends, and they are not quite the same when 
the load is added as when it is removed, but the differences are not 
great. The sum of the increments of the vertical reactions has the 
same value, lacking one pound, when the loads are added as when 
they are removed. This is not positive proof but it is a strong indi- 
cation that the individual vertical reactions, and therefore the mo- 
ments at the springings, were determined with a high degree of accu- 
racy. For the horizontal thrust the minimum value was 0.47 per cent 
less and the maximum value was 0.34 per cent more than the average. 
This is good agreement, but it is believed that the vertical reactions 
and moments were measured more accurately than the horizontal 
thrust. 

The average of the values obtained for the sum of all of the verti- 
cal reactions was 54 287 lb. for the second series. The sum of all the 
dead loads was supposed to be 54 400 lb. This discrepancy is at- 
tributed to a loss in the moisture content of the concrete blocks after 
they had been weighed, a loss that continued throughout the tests of 
the multiple-span arches, and for which corrections were made in the 
later tests. 

The value of the horizontal thrust determined in the second series, 
the average of all values as given in Table 6, is 26 783 lb.; the value 
obtained by the elastic theory ss 26 987 Ib. for a dead load of 54 400 
Ib., or 26 932 lb. for a dead load of 54 287 lb., the sum of the incre- 
ments of the vertical reactions. The measured horizontal thrust from 
the second series is therefore not quite one per cent less than the value 


obtained by the elastic theory. 
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The dead-load moment at the springing is about one-half as great — 
as the value given by the elastic theory. This is a large relative dif- — 
ference, but the absolute difference is not great since the thrust line is 
near the axis of the rib at the springing. 

The dead load thrust lines, one based upon computed and the other 
upon measured reactions, are compared in Fig. 7. Figure 7a is for 
the first series, the average of eight tests as given in Tables 4 and 5. 
Figure 7b is for the second series, the average of two tests as given in 
Tables 6 and 7. The thrust line determined from the measured reac- 
tions is below the one from elastic theory at the end and coincident 
with the latter over the central portion of the arch for both series of 
tests. The trapezoids are strain diagrams whose determination is de- 
scribed in Section 9. The small circles represent the centers of pres- 
sure and, for complete agreement between measured strains and meas- 
ured abutment reactions, should fall upon the thrust line. The lack of 
agreement is seen to be very small. 

The close agreement between the values of the reactions obtained 
by the elastic theory as usually applied and the values actually meas- 
ured in the tests that have been so carefully planned and executed is 
of interest considering the errors that are known to exist in the as- 
sumptions upon which the analysis is based. 


& 


9. Dead-Load Strain in Concrete—The strain in the concrete was 
measured at a section midway between each pair of adjacent load 
points. The measurements were taken with an 8-in. Berry strain gage 
on two gage lines on the intrados and two on the extrados for each 
section. Readings were taken for five load changes of the first series 
of dead-load tests described in Section 8. - 

The trapezoids of strain shown in Fig. 7 are based upon the aver= 
age values of the strains corresponding to the five load changes. The 
centers of pressure, based upon the assumption that stress is propor- 
tional to strain* and that plane sections remain plane, are represented 
by small circles. These centers of pressure fall very close to the thrust 
line at all sections, an indication that the reactions have been accu- 
rately determined. 

The modulus of elasticity of the concrete at the various sections 
was determined from the measured strains and from the measured 
reactions in the following manner: The tangential thrust at each sec- 
tion was determined from the abutment reactions and the loads. The 

*The fact that the stresses were small, and that the arch had been loaded several times 


before tests were made, makes it appear probable that stress was proportional to strain as 
has been assumed. 
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portion of this thrust taken by the steel was determined from the 
measured strain on the basis that the strain in the steel was equal — 
to the strain in the adjacent concrete. The remaining thrust was taken h 
by the concrete. The modulus of elasticity of the concrete was thus ; 
determined since the tangential thrust, the section of the arch, and the © 
average strain were known for each section. The values of H are - 
given in Table 8. The average value for the whole arch rib is 
2 730 000 lb. per sq. in. 


10. Elastic Properties of Arch Rib—Tests were made to determine — 
the elastic properties of the arch rib in which one abutment was fixed 
and the other abutment was given, successively, each of the three 
components (X,Y, and @) of motion. The arch supported the dead 
load during the tests and the magnitude of the movement was small. 
Two series of tests were made to determine the reactions due to a unit 
rotation of one abutment. In one series the east abutment was rotated 
and the west abutment was fixed; for the other series the west abut- 
ment was rotated and the east abutment was fixed. Two series of 
tests were also made to determine the change in the reactions due to a 
change in the span, but only one series was made to determine the 
effect of a settlement of one abutment relative to the other. In all 
tests one abutment was fixed while the other was moved, and the | 
abutment that was moved was given only one component of motion 
(X,Y, or @) and was restrained against the other two components. 
During the first series of tests to determine the effect of the change 
in span upon the abutment reactions readings were taken in duplicate. 
For all other tests the abutments were adjusted for position, and the 
scales were read four times before and four times after the movement 
that was being studied took place. The whole structure was moved, 
two times to the east and two times to the west, between the various 
adjustments, in the manner described in Section 8. The average of 
the four sets of readings was used in determining the change in the 
reactions due to a movement of an abutment. 

The changes in the reactions due to a change in span are given in 
Tables 9 and 10; Table 9 gives the values obtained from the first 
series and Table 10 those obtained from the second series. The aver- 
age values for each series are compared with the values obtained by 
the elastic theory when the latter are based upon values of E of 
2 000 000 and 2 500 000 lb. per sq. in. The values of FE that make 
the measured and computed values of the various reactions equal are 
given at the bottom of the tables. 
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The increments in the horizontal thrust do not have the same 
values at both ends, indicating that there is an error in one or both 
values. The horizontal thrust was approximately 27 000 lb., and the © 
average difference of 175 lb. between the increments at the two abut- 
ments is only 0.6 of one per cent of the force measured. Nevertheless 
the percentage error of the increment is so large that the results have — 
little value. It was learned later that, although the track and rollers 
under the vertical scales were carefully finished, the reading of the 
horizontal scales was slightly affected by the position of the rollers 
under the vertical scales. In the tests where the vertical scales had to 
be moved horizontally, as in this series, an error was introduced. The 
scales were later calibrated for horizontal position, and a correction 
applied when a horizontal displacement of the scales occurred. 

The algebraic sum of the increments of the vertical reactions, 
which should always be zero, had a maximum value of 20 Ib. This 
is not a proof, but it is an indication, that* the measured vertical re- 
actions from which the moments at the abutments were computed 
were very accurately determined. The moment was less at the west 
abutment than at the east abutment for all increments of both series. 
It seems probable therefore that, due to variations in £ along the 
arch, or to other causes, the moment due to the spread is different at 
the two ends of the span. From the first series, M/H is 58.43 in. and 
64.70 in. for the west and east abutments, respectively; and the cor- 
responding values from the second series are 64.45 in. and 69.04 in., 
respectively. The corresponding value from the elastic theory is 65.75 
in., and M/H has the same value when E = 2 000 000 lb. per sq. in. 
as when E = 2 500 000 lb. per sq. in. 

Two series of tests were made to determine the changes in the 
abutment reactions due to rotating one abutment without allowing any 
translation while the other abutment was fixed. The west abutment 
was rotated for the first series and the east abutment for the second 
series. The abutments were adjusted for position, the scales read, and 
the angular position of the rotated abutment was measured four times, 
in the manner described in Section 8, before and after each rotation 
of the abutment. In addition the span, the angular position of the 
fixed abutment, and the relative elevation of the two abutments were 
checked to be sure that there were no abutment movements other 
than the prescribed rotation of the one abutment. 

The changes in the reactions due to the rotation of the west abut- 
ment are given in Table 11, and the changes in the reactions due to 
the rotation of the east abutment in Table 12. The average experi- 
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mental values and the values computed by the elastic theory based 
upon # —2 000 000 lb. per sq. in. and also upon E ~ 2 500 000 lb. 
per sq. in., are all given in these tables. The composite H, the value 
of E that makes the computed and the measured values equal, is also 
given at the bottom of each table. 

One series of tests was made to determine the changes in the abut- 
ment reactions due to a vertical movement of one abutment relative 
to the other. Both abutments were fixed against rotation and change 
in span while the vertical movement occurred. As in previous tests, 
the abutments were Adjusted for position four times before and after 
each change in the relative elevation of the two abutments, and after 
each adjustment the instruments indicating the angular position of 
the abutments and the changes in span were read to insure that the 
unwanted components of movement did not occur. The results of 

the tests are given in Table 13. 

The series of tests that have just been described constitute a very 
severe check upon the accuracy of the scale, for the changes in the 
reactions that were measured were in all cases small compared with 
the reactions themselves, and the quantities desired are the compara- 
tively small increments. For example, line 1 of Table 9 gives as the 
change in the horizontal reaction due to a change in span of 0.15 in. 
a value of 1555 Ib. for the west abutment and 1374 lb. for the east 
abutment, a difference of 181 lb. From statical considerations the 
two reactions should be equal. The difference represents an error in 
the scales, or a horizontal resistance in the roller-supported vertical 
scales. As was learned later, inequalities in the roller or in the track 
introduced errors in the reading of the horizontal scale if the vertical 
scales were shifted horizontally, as they were in this test. The rela- 
tion between this error and the magnitude of the displacement was 
later determined, and the horizontal position of the vertical scales 
was noted in the tests so that correction for the error could be made. 
However, that was not done for this test. Although a difference of 181 
lb. between two values of the same quantity is large relative to the 
‘nerement of about 1500 lb., it is small compared with the total force 
being measured, which was about 27 000 lb. Unfortunately, the in- 
crement, and not the total force, is used in interpreting the data. The 
difference between the increments in the horizontal reaction at the 
east and west abutments, in the tests to determine the changes in the 
reactions due to a rotation of one abutment, is only about 40 Ib. 

The algebraic sum of the increments of the vertical reactions, 
which should be zero for all tests, varies from 2 lb. to 25 lb., and for 
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TABLE 14 
Ratio or VALUES oF ELastic CoNSTANTS OBTAINED FROM MEASURED REACTIONS TO 
VALUES OBTAINED FROM Exvastic THEORY 
E taken as 2.50 in 108 lb. per sq. in. 


ee 
————————————————————————————— Lane 


Ratios Elastic Constants from 
Movement ; 
Moment a Average 
CHange 1m SDaN 5 conan cere sisjelsie late siale u siete 1.00 1.01 
Rotation of east abutment.............+.. 0.92 0.92 Ape 
Rotation of west abutment. . 0.93 0. : 
Settlement of support......... ; Shh 1.02 ae ° eS 
AVORAQO sila caine woys cide ere/k 27 omnia eiishe “ee E 
gS ee a ee ee ee SS eS ee eee 
*Average of two series. 
TABLE 15 


AVERAGE VALUES OF EXPERIMENTALLY-DETERMINED ELASTIC CONSTANTS 


Values are based on Table 14, and are equal to 0.97 times the values of elastic constants obtained 
by the elastic theory on the basis that Z is 2.50 in 106 lb. per sq. in. 


Reaction of East Abutment 


Movement Horizontal | Vertical 
Moment Reaction Reaction 
in. Ib. Ib. Ib. 
Spread OA0 inc aa oe is soa aaa = East aiareho’s Ride Uae ES 64 929 O86 | Sexeam 
Settlement of east abutment, 0.10 in...............0-06- 9 858 on 60.86 
Rotation of east abutment, top tipping in., 0.001 radian... . 62 067 659 98.59 
Rotation of west abutment, top tipping in., 0.001 radian... 30 126 659 98.59 


most tests has a value of about 12 lb. Considering the fact that the 
total vertical force being weighed is about 60 000 lb. this represents 
excellent scale performance, and the probable error is small relative 
to even the increment of load. This statement is supported by the 
fact that the various values of composite EZ given in Tables 9 to 18, 
inclusive, are fairly consistent. 

The ratios of the experimentally-determined values of the elastic 
constants to the values obtained by the elastic theory on the basis 
that EH = 2 500 000 lb. per sq. in. are given in Table 14. The vertical 
reactions have been omitted from this table, and from the averages, 
because they are so small that they cannot be determined as accu- 
rately as the other quantities, and it is believed that their inclusion 
would cause a greater error in the results than their exclusion. The 
average of all the ratios given in Table 14 is 0.97. The average values 
of the experimentally-determined elastic constants are listed in Table 
15. These values are 0.97 times the values obtained from the elastic 
theory based upon a value of H 2 500 000 Ib. per sq. in. 
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11. Influence Ordinates for Abutment Reactions by Unit Load.— 


In the series of tests to determine the influence ordinates for abut- 


ment reactions by the use of a unit load, a load of one ton was ap- 
plied and removed, successively, at each load point. The dead load 
was on the arch while the tests were made, and the thrust due to com- 
bined dead load and unit live load fell within the kern at all sections 
of the arch for all positions of the unit load. A full set of abutment 
readings was taken before the unit load was applied and again after 
it was removed. The abutments were adjusted for position and the 
scales were read four times for each set of readings in the manner 
described in Section 8. The instruments indicating the position of the 
abutments were inspected before each reading to insure that the abut- 
ments were in their proper relative positions. 

The changes in the reactions are given in Table 16 and the meas- 
ured values are compared with the values computed by the elastic 


theory in Table 17. The reactions due to the design dead load are 


given in the last line of the table; one set of values was obtained from 
the experimentally-determined influence ordinates, and the other set 


was determined by the elastic theory. The two sets of values agree 


closely. 
The diagrams of Fig. 8 show the reactions due to a load of one 
ton, as listed in Table 16, and the diagrams of Fig. 9 are influence 


lines for the various reactions. The measured and computed values 


a 


are compared in the latter figure. 

The horizontal thrusts given in Table 16 are very nearly alike for 
the two abutments. Also, the sum of the increments of all the vertical 
reactions is very nearly equal to 2000 Ib. for all tests. The difference 
between the changes in the horizontal thrust for the east and west 
abutments is 1'5 lb. with the load at 7, and 34 lb. with the load at 6. 
The former is 1.6 per cent of the increment and 0.05 per cent of the 
total force being measured. The latter is 2.1 per cent of the increment 
and 0.13 per cent of the total force. For all other load points the dif- 
ferences are less than those just enumerated. The greater consistency 
of the horizontal forces in this series as compared with previous series, 
is attributed to the fact that the rollers under the vertical scales were 
in the same position before and after load changes, and the error due 
to a change in the position of these rollers was eliminated. 


12. Vertical Movement of Load Points Due to Change in Span.— 
The vertical movement of points on an arch axis due to spreading the 
abutments without allowing them to rotate or move vertically may be 
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used as influence ordinates for the horizontal thrust if the material is 
elastic, and if # has the same value in tension and compression, and 
at all stresses. 

Three series of tests were made to determine the vertical move- 
ment of the load points due to changes in span. The dead load was on 
the arch, and the thrust line was within the kern at all sections and 
for all abutment positions. In the first series the abutments were ad- 
justed for position only once before and once after each change in 
span. The angular position of the abutments, as indicated by the at- 
tached bubbles, was the same for all readings. The relative elevation 
of the two abutments was nearly constant, and the small movement 
that did occur was determined by the hook gages, and the readings 
indicating the vertical positions of the load points were corrected for 
the small change in the relative elevation of the two abutments. The 
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vertical positions of the load points were measured with hook gages. 
Duplicate readings were taken, and no difficulty was experienced in 
getting two successive sets of readings that agreed within the pre- 
determined tolerance of 0.001 in. The first series included four tests 
for which the changes in the span in inches were as follows: From 
+ 0.15 to 0.0; from 0.0 to — 0.10; from — 0.10 to + 0.10; and from 
+ 0.10 to 0.0. 

The vertical movements of the load points for the various tests are 
given at the top of Table 18, and the average of the values determined 
by the tests of this series are compared with the values computed by 
the elastic theory in the 5th and 6th lines of the table. 

In the second series of tests the abutments were adjusted for po- 
sition four times before and four times afier each change in span. The 
values reported in Table 18 are the averege of the four sets of read- 
ings in each instance. Two tests were made. For the first, AX was 
changed from —0.10 in. to + 0.10 in., and for the second it was 
changed from + 0.10 in. to — 0.10 in. The deflection diagrams based 
upon Series 1 and Series 2 are compared with the influence line for 


horizontal thrust in Fig. 10. 


13. Vertical Movement of Load Points Due to Settlement of One 
Abutment.—Subject to: the limitations stated in Section 12, the verti- 
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TABLE 19 


VeERTICAL MovEeMENT oF Loap Points DvuE To VERTICAL MOVEMENT OF 
West ABUTMENT RELATIVE TO Hast ABUTMENT 


Vertical Movement in 0.0001 in., Due to a 1-in. Vertical Movement of 


Vertical Movement of the West Abutment, at Load Point No. 
West Abutment 
in. 
1 2 3 4 5 6 7 8 
OP1956 Gowns cic. so « 66 859 2157 4070 5925 7837 9151 Reais 
OSLOLS UD ecerens as, sehsi os 207 925 2235 4024 5576 7922 9034 9772 
Average 0.100........ 137 892 2196 4047 5751 7880 9093 9772 
By Elastic Theory..... 220 944 2245 4019 5981 7755 9056 9780 
: 
VERTICAL CoMPONENT OF DEAD-LOAD ABUTMENT REACTION 
in pounds 
East West 
Abutment Abutment 


From deflections used as influ- 
ence ordinates............ 27 351 27 049 


From:Elastic Theory......-... 27 200 27 200 


cal movements of the load points of an arch due to the vertical move- 
ments of one abutment relative to the other may, to the proper scale, 
be used as influence ordinates for the vertical reactions. One series of 
tests was made in which the west abutment was moved vertically 
relative to the east abutment. The dead load was on the arch and 
the vertical movement was so small that the thrust line remained 
within the kern over the entire length of the arch. Two tests were 
made. In the first, the west abutment was lowered 0.1956 in., and in 
the second, it was raised 0.1978 in., relative to the east abutment. 
The abutments were adjusted once for position before and after each 
vertical movement. The bubbles and the dials indicating the span 
: were inspected before and after the vertical movement to make sure 
that there was no rotation of the abutments or change in the span. 
The results of the tests are given in Table 19, and the relation 
between the deflection diagram and the influence diagram for vertical 


reaction is shown in Fig. 11. 


14. Vertical Movement of Load Points Due to Rotation of One 
Abutment.—Two series of tests were made to determine the vertical 
movement of load points due to the rotation of one abutment, the 
other abutment remaining fixed, and the span and the elevation of one 
abutment relative to the other being unchanged. The arch carried the 
design dead load, and the rotation was so small that the thrust line 
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remained within the kern of the rib at all sections for all positions 
of the abutment. 

For one test the east abutment was rotated from an initial position 
in which it was tipped in at the top, to a second position in which it 
was tipped out at the top, and finally to a third position in which it 
was again tipped in at the top. The vertical movement of the load 
points that accompanied the rotation of the east abutment is given 
in lines 1 and 2 of Table 20. The average values for the tests are 
given in line 3 of the same table. The deflection diagrams determined 
by this test and determined by the elastic theory are compared in 
Fig. 12. 

In the second series of tests the west abutment was rotated from a 
position in which the top was tipped in to a position in which it was 
tipped out, and finally to a position in which it was again tipped in. 
The abutments were adjusted for position four times before and four 
times after each rotation of the abutment, and the vertical positions 
of the load points were measured after each adjustment. Because of 
the large number of readings taken a period of several hours elapsed 
between the first and last readings of the test. In order to study the 
influence of time yield in the concrete upon the shape of the deflec- 
tion diagram the data have been analyzed on two bases. In the first 
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analysis the vertical movements of the load points were obtained from 
the last set of readings before a rotation and the first set after the 
rotation. The time interval between the two sets of readings was com- 
paratively short. The results of the test are given in lines 4, 5, and 
6 of Table 20 and in Fig. 13. In the second analysis four sets of de- 
flections were obtained by determining the differences between each of 
the four sets of readings taken before the rotation and the first set 
taken after the rotation. The vertical movements occurring during 
different time intervals are compared in Table 21 and Fig. 14. 

These tests indicate that the vertical movements of load points 
resulting from the rotation of abutments depend upon the time inter- 
val elapsing between the readings from which the movements are de- 
termined. 


15. Comparison of Values of Dead-Load Abutment Reactions De- 
termined by Various Methods——The reactions due to dead load were 
determined by four methods: (1) The change in the reactions that 
accompanied the application and removal of the dead load was 
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Fig. 13. VerticAL MoveMent or Loap Points Dus to RoTATION OF 
West ABUTMENT 


TABLE 21 
Errect oF Trme YIELD IN CONCRETE UPON VerticAL MovEMENT or Loap Points 
DvE To Rotation oF ABUTMENT 
West Abutment Rotated from A@ = +0.001 to A 6 = —0.001 Radian 


Ti I 1 Vertical Movement in 0.001 in. per 0.001 Radians 

5 ime Interva Rotation at Load Point No. 

Line Between 

No. Readings 

Gane 1 2 3 4 5 6 7 8 

il 65 +5.8 416.6 | +27.9 | +23.8 | +11.2 | — 8.7 | —22.8 | —21.9 
2 170 +4.4 +14.7 +25.9 | +22.5] + 8.2 — 8.8 —22.9 —21.4 
3 210 +3.5 | +14.3 | +24.3 | +20.8 + 6.0 | —10.1 | —23.8 | —21.5 
4 280 +3.8 +14.0 +24.5 | +20.6 + 6.5 —10.5 | —24.8 —22.1 


weighed; (2) the reactions were computed (a) from the influence 
ordinates determined by the elastic theory, (b) from the influence 
ordinates obtained by weighing the change in the reactions accom- 


panying the application and removal of unit load, successively, at the 


various load points, and (c) from the vertical movements of the load 
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points that accompanied unit movement of the abutment, used as 
influence ordinates for the reactions. 

The values of the moment determined by the four methods are 
given in Table 22, and the values of the horizontal thrust in Table 23. 
The values of the horizontal thrust determined from the influenée 
ordinates are all slightly greater than the values obtained by measur- 
ing the changes that accompanied the application and removal of the 
design dead load. 

The values of the dead-load moment at the abutments obtained by 
the elastic theory and by the use of a unit load agree closely; the 
values obtained from the deflection diagram are different for the two 
abutments, and they vary with the time interval between the two 
sets of readings from which the deflection was determined. The value 
of the moment obtained from the measured change in the reactions 
accompanying the application and removal of the dead load is very 
small, indicating that the thrust line is close to the axis at the spring- 
ing, Rihough the difference between the measured value of the 
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aay TABLE 22 
VALUES oF DEap-Loap MoMEntT aT SPRINGING OBTAINED BY Four METHODS 


Moment 
How Moment Was Determined tas 
West Abutment | East Abutment . : 
. | seed he J 
From influence ordinates determined by Elastic Theory........ +33 088 +33 088 ; 
From influence ordinates by unit load. ...............0+--05- +33 967 — +39 039 
From deflection diagram used as influence diagram (Table 20)... +459 838 —31 981 
From measured changesin reactions {First Series............ + 735 + 1 159 
Seen neny ne Bo kg Bae {Second Beresac, seus. ssc +15 220 +15 145 


———E——————E—————————EE canine 


TABLE 23 
Vauugrs or DEap-Loap HorwonTaL TuRusT OBTAINED BY Four METHODS 
ee 
How Thrust Was Determined cirus 
a er ee 
From influence ordinates determined by Elastic Theory.....----.++++++eerereeees 26 987 
From influence ordinates by unit load.......--.- eee ee sree tener etre reer e erences 27 307 
First Series sce «50:62 2,0. siete 27 177 
From deflection diagram used as influence diagram Second Series. ...20.026020 27 695 
Third: Series cyiets sie rd areca 27 496 
From measured changes in reactions accompanying foe Series jase wisreree Glessistere(er 26 556 
application and removal of design dead load... Second Series: ....-2..2+20+s 26 783 


TABLE 24 
VALUES OF Drap-Loap VERTICAL REACTION OBTAINED BY Four MrETHops 


Vertical Reaction 
lb. 
How Reaction Was Obtained : = ee 3 
West Abutment | East Abutment 
oe a ee eae 
From influence ordinates determined by Elastic Theory......-- 27 200 27 200 
From influence ordinates by unit Nopskcl saa cis td are sere otarlels, «1s .ay aaa 27 187 27 158 
From deflection diagram used as influence diagram,.....-+-+---- 27 049 27 351 
From measured changes in reactions i . 
- eis First Series....-.---- 27 133 27 164 
eg Ae prea jeans Series: cscs se 27 122 27 165 


*The dead load used weighed about 100 Ib. less than the 54 400 Ib. it was supposed to weigh. 
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moment and the value obtained by the elastic theory is large, rela- — 
tively, the actual difference is not great, being equivalent to a differ- 
ence in position of the thrust line of approximately 0.75 in. | 

The values of the vertical reactions at the springings obtained by 
the four methods that have been described are given in Table 24. 


16. Test to Failure—After the tests to determine the elastic — 
properties of the arch had been completed, the arch was loaded to 
failure. All load was removed from the arch except its own weight, 
the abutments were brought to their normal position by adjusting the 
links so that the horizontal scales indicated the computed horizontal 
thrust due to the weight of the rib, and the jacks were adjusted so 
that the vertical scales indicated a moment at the springing equal to 
the computed moment. Each bubble support was then adjusted so as 
to bring the bubble to its mid-position. The basic, or zero, readings — 
were then recorded. These included readings of the Ames dials indi- 
cating the span, the horizontal and vertical scales, the hook gages at 
both abutments and at all load points, and the strain gages. The arch 
was then loaded in ten increments, the abutments being returned to 
their normal position after each increment. The first increment was 
the dead load,* and each of the next five increments consisted of ‘‘one 
live load.” Because of a threatened shortage of weights, the next four 
loads were applied only at the load points where a load produces a 
large stress at the section of expected failure. The load increments 
at the various load points are given in Table 25. The two right-hand 
columns give the weight of the blocks constituting the load, and the 
vertical scale readings, respectively. The scale readings are con- 
sistently about 0.25 per cent less than the sum of the weights of the 
blocks, indicating that the blocks had become lighter after they were 
weighed. There appears to have been an error when the fifth live load 
was added, as the difference between the weight of the blocks and the 
scale readings was about 500 pounds greater than for the previous 
load. The moments taken about various load points indicated that a 
500-lb. block had been omitted from load point 4 when the fifth live 
load was added. No correction was made for this error. No readings 
were taken after those at the fifth live load due to the fear that the 
instruments, if left in place, would be injured by the failure of the 
arch. 

Figure 3 shows the concrete blocks constituting the ultimate load. 
The large blocks at the bottom, about one foot from the floor, consti- 


*See Fig. 6. 
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TABLE 26 
HorizontTaL THRUST OBSERVED IN TEST TO FAILURE 


Horizontal Thrust 
lb. 
Date Load 
West East 
Abutment | Abutment| Average 
1-21-82; 3:46 p.m. «ast. oe Déad loadis,. o2:strs acters awity ssa 26 828 26 836 26 832 
1-21-32, 8:50 p.m......... Dead load + one live load........ 31 597 31 613 31 605 
1-22-32, 9:30 a.m......... Dead load + one live load........ 31 552 31 581 31 567 
1—22-32, 12:00 noon....... Dead load + two live loads....... 36 302 36 280 36 291 
1-—22-82,.5:20 p.m......... Dead load + three live loads... .. 41 038 40 991 41 014 
1-22-32, 10:55 p.m......... Dead load + four live loads...... 45 637 45 617 45 627 
1-23-32, 1:05 a.m......... Dead load + five live loads....... 49 737 49 890 49 814 


tute the design dead load, and also serve as platforms for carrying the 
blocks that make up the live load. The single heavy concentration re- 
quired by specifications for highway bridges was placed at load 
point 3, where the arch failed. The various phases of the test are dis- 
cussed in the following paragraphs. 

The abutment reactions were determined from the scale readings. 
The abutments were adjusted for position four times (except when the 
fifth live load was added) before and after each load change, and the 
scales were read after each adjustment. The measured reactions re- 
ported are from the average of the values obtained from the four sets 
of readings. The horizontal and vertical reactions are given in Tables 
26 and 27, and the relation between the load and the reactions is 
shown in Figs. 15 and 16. For both figures the full line is from thé 
elastic theory and the broken line is from the measured reactions. For 
the horizontal thrust the measured value is slightly less than the value 
obtained from the elastic theory. The fact that the thrust varied di- 
rectly with the load, even after the arch was badly cracked, is of in- 
terest. For the west abutment, where the moment was large, the 
measured value was less than the theoretical one. Moreover, the ex- 
cess of the computed over the measured values increased with load, 
indicating that cracking at the overstressed sections decreased the 
stress at those sections, and increased the stress at sections where the 
stress was small. 

The position of the thrust line is shown in Fig. 17. The full line 
represents the position as determined by the elastic theory, and the 
broken-line the position as determined from the measured reactions. 
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Fig. 16. Revation Berween Loap AND MoMENT AT ABUTMENT. Tests TO FAILURE 


The shaded portions are strain diagrams based upon the strains 
measured with the strain gages. The small circles represent the centers 
of pressure as determined from the strain diagrams. The centers of 
pressure are shown only at sections where the thrust line is within the 
kern of the arch, as they cannot be determined accurately at sections 
parts of which are subjected to tension. The centers of pressure should 
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D. 

QOL.+Two Live Loads 
O.L.+ Three Live Loads 

DL.+ four Live Loads 

04 J , QL.+ Five Live Loads 


i Be 


Vertical Movemer? i lncbes 


EQST any Z Si 4 aa 6 
Load Points on Arch 


Fig. 18. Dertecrion or ArcH Axis. TEs? TO FAILURE 


Ge 6 West 


fall upon the thrust line located by the measured reactions. The fact 
that it does fall on or near the thrust line is a check upon the work. 

The vertical movements of the load points due to the increments 
in load were determined from the hook-gage readings taken just before 
and just after each load change. The deflection of the arch at the 
various load points is shown in Fig. 18. These diagrams indicate that 
the deflection per unit load increased slightly with an increase in load, 
an indication consistent with the well known fact that the ratio of 
strain to stress for concrete increases with the stress. All curves except, 
one intersect in a common point. The curve showing the deflection dué 
to the dead load and the fifth live load passes to the right of the com- 
mon intersection point, a fact that is not surprising considering the 
wide cracks that had opened at the intrados at the west springing 
and under load 3, and also at the extrados near loads 5 and 6.* The 
deflection midway between loads 3 and 4 at the design load, dead load 
plus first live load, is 0.118 in. This change in the position of the axis 
of the rib relative to the thrust line causes a stress of 36 lb. per sq. in., 
a secondary stress not usually considered in the design of an arch. It 
is so small, however, that no apprehension need be felt because of its 
omission. 

The unit stresses due to the loads used in the test to destruction, 


*The omission of a 500-Ib. load from load point 4 when the fifth live load was added 
would cause a shift in the deflection diagram. See page 52. 
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determined by the elastic theory, are given in Table 28. The largest 
value is at the section where failure occurred, a section through the 
west edge of loading shelf 3. The stress at this point due to the ulti- 
mate load was 3674 lb. per sq. in. The unit strength of the control 
specimens, the average of eight cylinders, was 3773 lb. per sq. in. The 
abutment reactions were not weighed at the ultimate load, but the 
stress at the point where failure occurred, computed from the meas- 
ured reactions due to the dead load plus the fifth live load, the largest 
load for which the reactions were measured, was 2143 lb. per sq. in., 
compared with 2520 Ib. per sq. in., at the same point and load, as de- 
termined by the elastic theory. Both stresses were determined from 
thrust and moment on the basis that the concrete takes tension and 
that plane sections remain plane. 


Pai 


TESTS OF THREE-SPAN STRUCTURE HAVING 
RIB WITHOUT DECK 


TV. DESCRIPTION OF SPECIMEN AND APPARATUS 


17. Description of Specimen.—The general dimensions and the no- 
tation for the specimen are shown in Fig. 19. The details of the arch 
ribs are the same as for the single-span arch shown in Bie “The 
details of the piers are shown in Fig. 20. The concrete was designed 
to be the same as that used in the single-span arch described in Sec- 
tion 3. The sieve analysis is given in Table 29. A 1:3:3 mix having 
a 1.19 water-cement ratio (by volume) was used, the quantities for a 
batch being determined by weight, and correction being made for the 
moisture content of the aggregate. The weights for a batch, based 
upon oven-dry aggregates, were: cement 73.1 Ib., water 57.4 lb., sand 
234.4 lb., and gravel 234.1 lb. Each batch was mixed four minutes or 
more. Twenty 6-in. by 12-in. control cylinders were made, four from 
the batches that went into each pier and four from the batches that 
went into each rib. The modulus of elasticity and the ultimate 
strength of the concrete, determined from these cylinders after the 
test of the arch had been completed, are given in Table 30, and the 
stress-strain diagrams are given in Fig. 21. 

The specimen is shown in Fig. 22. The two piers were poured April 
13, and the three ribs April 14, 1932. The forms were stripped during 
the period from April 23rd to 26th. During the intervening time the 


conerete was completely enclosed in the steel forms and the surfaces 


_ 6 Ey ae a 


62 ILLINOIS ENGINEERING EXPERIMENT STATION 


Load Desigtiarior7s 
Ei Ez £3 Fa ES EG E27 Ee = C203: C5 C607 C8 )~=— WWW WA W5 WW We 


Oe tins 


L7G 04 EES Ga 00¢ iy We We Wy 
iS 
Bg Os gs a yack fp aS Hi We 


£2 feng We 7 
aCe LONG? com “Strain- ~” Wasa) 
E, Ss 8 C Secrior7 West 
ast ak Designations . t 
SNe 
2 © t Elo Wid Notation for str aita-sec- 
% Zar Hor at @ load-poltat as 


LIS, _ WE the adjacert strain-section 
LesigQv7iattorrs eesignatiors. As, the strqir- 
£20 W2z0 section at Load W2 is séc- 


1 or wor W2-3, efc. 
27°07 27-0" ae 


Fic. 19. THres-Span Structure Havine Ris Without DrcKx 


Fic. 20. Deraits or Pir 


- re 
‘iin.. hate susiseigintevst Ryan rial ons70 0.0 0.0 
CARTE ea sess BAR ee Ne 0.0 Ailey 

; Me Meee Oe ein, cee ssi aN 0.0 - 81.4 
IN Os dreiecte win 5 eriS ale orsie ate ie, > 2.0 98.1 
ING SiG bch fore Sete anerdin'e faints 13.5 99.2 
No. 14......-- 00-20 eee eee eee 30.9 99.3 
INS G3 2Ssa sles ale pancstere we lete sien bys 68.2 99.3 
INGO SS Reo cre gicarae ere rele ae weterets 95.8 99.3 
Nos WO ee, cross othe teas oes 98.9 99.5 
Fineness Modulus...........-- 3.09 meOT 

7 TABLE 30 


PuysicaL PROPERTIES OF CONCRETE AS GIVEN BY CONTROL CYLINDERS 


Location of Batch from which Ultimate Strength Bhodhpurie! Tiaroerty 
Cylinder Was Taken Ib. per sq. in. Wb. per Basan: 
——— eee 

Bast RAID. «© orcs 59 osxe' ara erally Wis woe res = I 3 585 3.03 
2 3 295 " 3:22 
3 3 140 3.33 
4 3 3380 4.00 
Average 3 350 3.40 
Renter RID see sia = 0 vieisie ew ciwieieys's «a.0' 1 3 270 3,22 
2 3 515 3.12 
3 3 125 3.70 
4 3 580 2.63 
Average 3 312 Balk 
West Rib..... pete isteretasslisns) ove Cie eee si i 3 435 3.70 
2 3 210 3.33 
—— 3 3 318 Sian 
4 3 420 3.44 
; Average 3 346 3.Dk 
Average for all ribs.....---++++++++- Dre tatataiNetiie © 3 356 3.36 
MM ASb WLCT sale ve aise. Nolele Cleo ncreie ovis wes 1 3 040 2.94 
2 3 100 3.44 
3 3 260 3.23 
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Ripa P1CK ic ciesicl = sie sacs cevsie.niore «vai 1 3 448 3.12 
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of the ribs and piers were moist when the forms were removed. After 
the forms had been removed the concrete was cured in the laboratory 
where the air was dry and the temperature was approximately 
80 deg. F. 

A multiple-span arch bridge differs from a single-span arch in 
that, for the latter, the ends are fixed, whereas, for the former, the 
fixed points of the structure are the outer ends of the two end spans 
and the bases of the intermediate piers. As a live load crosses a mul- 
tiple-span arch bridge the uneven loading of the two spans adjacent 
to a pier produces a horizontal thrust and moment at the top of the 
pier which move the top even though the pier bases and abutments 
are fixed. This movement of the pier top produces reactions at the 
end of the span differing materially from the reactions that would be 
produced by a fixed abutment supporting a similar single-span arch 
carrying the same load. 

One of the principal objects of the investigations was to determine 
the effect of the elastic deformation of the piers upon the stresses in 
the arches. Inasmuch as the magnitude of this effect depends upon 
the slenderness of the piers, tests were made upon the structure when 
the piers had various heights. The effective height of a pier is the ver- 
tical distance from the springing of the arch down to the point in the 
pier that is fixed. By attaching the instruments that indicate the 
position of the pier base at distances below the springing of 20 ft., 
15 ft., and 10 ft., respectively, the one structure was used in making 
tests of a three-span arch series that had these various pier heights. 


18. Analysis of Specimen by Elastic Theory.—The influence ordi- 
nates for the reactions at the springing for each of the three spans are 
given in Tables 31, 32, and 33. These reactions have been determined 
by the elastic theory* and are based upon the usual assumptions that 
plane sections remain plane, that concrete takes tension, and that EZ 
has the same value at all sections and at all stresses, both tension 
and compression. Tables 31, 32, and 33 contain values of the influence 
ordinates for structures having pier heights of 20, 15, and 10 ft., re- 
spectively, based upon a value of n ~9; the values in Table 34 are 


*The three-span structure consisting of a rib without deck was analyzed separately by 
W. M. Honour and Glen Murphy, Graduate Research Assistants in Civil Engineering, for 
an assumed value of H of 2 000 000 Ib. per sq. in. and using a method developed in a thesis, 
“A Study of Multiple-Span Arches’? by Donald Edward Larson, which is on file in the library 
of the University of Illinois. The values given in Table 34 are from these computations. The 
values presented in Tables 31, 32, and 83 were computed by Ralph Kluge, using a method 
developed by Professor Hardy Cross in, ‘“‘Continuous Frames of Reinforced Concrete,”’ pub- 
lished by John Wiley and Sons. These values are based upon a value of n equal to 9, corre- 
sponding to a modulus of elasticity of 3 333 000 Ib. per sq. in., which is consistent with the 
experimentally determined values of EZ given in Tables 30 and 54, and with the elastic constants 
given in Table 47. 
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_ REINFORCED CONCRETE ARCH RIBS ON SLENDER PIERS ch 
TABLE 35 : if 
INFLUENCE ORDINATES FOR StrEss aT VARIOUS SECTIONS, id 
CALCULATED BY ELastic THEORY 
Single-Span Rib Without Deck " 
n 
Stress, in Ib. per sq. in., at Section Through i 
Load of 1 Ib. I 
aes Load Point 3 : Load Point 4 East Springing 


Extrados Intrados Extrados Tatrados Extrados Intrados 


al —0.0114 |* +0.0090 -0042 —0.0070 +0.0644 =O) 

2 —0.0582 +0 .0497 +0.0011 —0.0108 +0.0672 = Oro7 
3 —0.1696 +0.1512 —0.0458 +0.0278 +0 .0198 —0.0338 
4 —0.0138 —0.0118 —0.1774 +0.1529 —0.0418 +0.0278 
5 +0 .0578 —0.0822 —0.0171 —0.0080 —0.0815 +0.0695 
6 +0.0644 —0.0825 +0 .0430 —0.0619 —0.0816 +0 .0732 
ri +0 .0386 —0.0481 +0 .0382 —0.0483 —0.0510 +0.0468 
8 +0.0111 —0.0138 +0.0128 —0.0157 —0.0157 +0.0145 


Based on n = 9. 
A plus (+) sign indicates tension. 


TABLE 36 


INFLUENCE ORDINATES FOR STRESS AT VARIOUS SECTIONS, 
CALCULATED BY ELAstic THEORY 
20-foot piers 


Stress, in lb. per sq. in., at Section Through 


Load of 
il e Load Point C3 Load Point C4 B of BC 
a 
Extrados Intrados Extrados Intrados Extrados Intrados 
#1 —0.0001 —0.0003 +0.0023 —0.0028 —0.0055 +0.0053 
E2 —0.0003 —0.0012 +0.0081 —0.0098 —0.0188 +0.0183 
E3 —0.0003 —0.0025 +0.0145 —0.0176 —0.0333 +0.0324 
EA +0.0001 —0.0035 +0.0181 —0.0219 —0.0404 +0 .0393 
#H5 +0.0008 —0.0039 +0.0165 —0.0199 —0.0352 +0 .0342 
E6 +0.0017 —0.0035 +0.0106 —0.0126 —0.0201 +0.0195 
E7 +0 .0020 —0.0024 +0 .0035 —0.0039 —0.0033 +0 .0031 
E8 +0.0015 —0.0012 —0.0009 +0,.0013 +0.0053 —0.0052 
C1 —0.0150 +0.0127 +0.0019 —0.0046 +0 .0626 —0.0734 
C2 —0.0675 +0.0611 —0.0134 +0.0059 +0.0823 —0.0941 
C3 —0.1843 +0.1706 —0.0760 +0 .0632 +0.0610 —0.0732 
C4 —0.0304 +0.0114 —0.2181 +0.2009 +0.0194 —0.0311 
€5. +0.0438 —0.0617 —0.0567 +0.0389 —0.0178 +0.0081 
C6 +0 .0567 —0.0702 +0.0155 —0.0293 —0.0340 +0.0273 
C7 +0.0375 —0.0451 +0.0269 —0.0348 —0.0284 +0 .0248 
C8 +0.0133 —0.0159 +0.0128 —0.0155 —0.0124 +0.0112 
wi —0.0020 -+0.0024 —0.0022 +0 .0027 +0.0021 —0.0020 
W2 +0.0014 —0.0018 +0 .0032 —0.0037 —0.0038 +0 .0037 
W3 +0.0080 —0.0098 +0.0130 —0.0151 —0.0143 +0.0136 
Ww4 +0.0138 —0.0170 +0.0216 —0.0250 —0.0234 +0.0221 
Wd +0.0158 —0.0194 +0.0242 —0.0280 —0.0260 +0.0246 
W6 +0.0130 —0.0159 +0.0197 —0.0228 —0.0211 +0 .0200 
W7 +0.0073 —0.0090 +0.0110 —0.0128 —0.0118 +0.0112 
ws +0.0021 —0.0026 +0 .0032 —0.0037 —0.0034 +0 .0032 


Based on n = 9. 
A plus (+) sign indicates tension. 
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TABLE 37 


INFLUENCE ORDINATES FoR Stress AT VARIOUS SECTIONS, 
CaLcuLATeD BY Exvastic THEORY 
15-foot piers 


Stress, in Ib. per sq. in., at Section Through 


Load of 

1]b. Load Point C3 Load Point C4 B of BC 
at : 

Extrados Intrados Extrados Intrados Extrados Intrados 
Fl —0.0002 —0.0002 +0.0020 —0.0024 —0.0050 +0.0048 
E2 —0,0007 —0.0007 +0 .0068 —0.0084 —0.0169 +0.0165 
E3 —0.0011 —0.0013 +0.0121 —0.0149 —0.0297 +0.0289 
EH4 —0.0011 —0.0019 +0.0149 —0.0181 —0.0357 +0 .0347 
E5 —0.0003 —0.0023 +0.0133 —0.0161 —0.0304 +0.0296 
E6 +0.0008 —0.0022 +0.0081 —0.0097 —0.0163 +0.0159 
E7 +0.0015 —0.0017 +0.0020 —0.0022 —0.0011 +0.0011 
E8 +0.0013 —0.0009 —0.0014 +0.0018 +0.0061 —0.0059 
C1 —0.0146 +0.0122 +0 .0028 —0.0056 +0.0615 —0.0723 
C2 —0.0662 +0.0594 —0.0106 +0.0026 +0.0787 —0.0905 
C3 —0.1815 +0.1671 —0.0707 0571 +0.0544 —0.0668 
C4 —0.0274 +0.0074 —0.2112 +0.1930 +0.0107 —0.0227 
C5 +0.0470 —0.0658 —0.0498 +0.0310 —0.0265 +0.0165 
C6 +0.0591 —0.0733 +0 .0207 —0.0353 —0.0405 +0.0335 
C7 +0.0388 —0.0468 +0.0299 —0.0383 —0.0321 0.0283 
C8 +0.0139 —0.0167 +0.0138 —0.0166 —0.0135 +0.0123 
Wi —0.0026 +0.0026 —0.0029 +0.0033 +0.0028 —0.0026 
Ww2 +0.0006 —0.0008 +0.0016 —0.0018 —0.0020 +0.0020 
W3 +0.0064 —0.0078 +0.0101 —0.0117 —0.0112 +0.0106 
W4 +0.0118 —0.0144 +0.0180 —0.0208 —0.0194 +0.0184 
W5 +0.0139 —0.0169 +0.0206 —0.0240 —0.0222 +0.0210 
W6 +0.0115 —0.0141 +0.0170 —0.0198 —0.0182 +0.0172 
W7 +0.0066 —0.0080 +0 .0097 —0.0113 —0.0103 +0.0097 
Ws +0.0019 —0.0023 +0.0027 —0.0031 —0.0030 +0.0028 


Based on n = 9. 
A plus (+) sign indicates tension. 


based upon a value of n = 15. The smallness of the change in the re- 
actions at the springings due to a large change in n is of interest. The 
notation used in these tables is given in Fig. 19. The fixed-end reac- 
tions for a single-span arch due to a unit load and to unit movement 
of the abutments, are given in Table 8, and the influence ordinates 
for stress at various sections of the same structure are given in Table 
35. The influence ordinates for stress at the critical sections of the 
three-span structure are given in Tables 36, 37, and 38 for pier heights 
of 20 ft., 15 ft., and 10 ft., respectively. 

The values in Table 36 indicated that the maximum stress due to 
dead load plus one live load, for a structure having 20-ft. piers, will 
occur at the section through the load point C4. The influence dia- 
grams for the stress at sections C3 and C4 are given in Figs. 23 and 
24, and the live load producing the maximum stress is shown in 
Fig. 25. This live load is designated, “one live load.” The stresses at 
load points C3 and C4 and at sections at the springings are given in 
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TABLE 38 


INFLUENCE ORDINATES FOR Stress aT VARIOUS Sections, 
CaLcuLaTED By Exastic THEORY 
10-foot piers 


Stress, in lb. per sq. in., at Section Through 


Load of 
Leis Load Point C3 Load Point C4 B of AB 
Extrados Intrados Extrados Intrados Extrados Tntrados 
El —0.0004 ? 0 +0.0014 —0.0018 —0.0041 -+0.0039 
E2 —0.0012 0 +0.0051 —0.0063 —0.0139 +0.0135 
E3 —0.0019 —0.0001 +0.0088 —0.0110 —0.0240 +0.0234 
E4 —0.0019 —0.0003 +0.0106 —0.0132 —0.0283 0275 
E5 —0.0012 —0.0006 +0.0090 —0.0112 —0.0232 +0 .0226 
E6 —0.0010 +0.0049 —0.0059 —0.0109 +0.0107 
ET +0.0009 —0.0009 +0.0002 —0.0002 +0.0016 —0.0016 
E8 +0.0011 —0.0007 —0.0018 +0.0024 0067 —0.0065 
cl —0.0142 +0.0115 +0 .0038 —0.0068 +0.0602 —0.0712 
C2 —0 +0 .0570 —0.0068 —0.0018 +0.0738 —0.0858 
C3 —0.1787 +0.1632 —0.0637 +0.0489 +0.0449 —0.0577 
C4 —0.0233 +0.0019 —0.2019 +0.1821 —0.0020 —0.0106 
C5 0509 —0.0711 —0.0406 +0 .0202 —0.0393 +0 .0287 
C6 +0.0621 —0.0773 +0.0278 —0.0436 —0.0505 +0 .0431 
C7 +0.0402 —0.0488 +0.0335 —0.0425 —0.0374 +0 .0334 
C8 +0.0140 —0.0168 +0.0146 —0.0176 —0.0150 +0.0138 
Wi —0.0024 +0.0030 —0.0032 +0 .0038 +0.0034 —0.0032 
Ww2 —0.0001 +0.0001 —0.0003 +0 .0003 0.0001 —0.0001 
Ww3 +0.0041 —0.0051 +0 .0064 —0.0074 —0.0071 +0 .0067 
Ww4 +0.0088 —0.0108 +0.0129 —0.0151 —0.0140 +0.0132 
W5 +0.0107 —0.0131 +0.0155 —0.0181 —0.0168 +0.0158 
W6 +0.0092 —0.0112 +0.0132 —0.0154 —0.0141 +0.0133 
W7 +0.0052 —0.0064 +0.0076 —0.0088 —0.0080 +0.0076 
Ws +0.0015 —0.0019 +0 .0022 —0.0026 —0.0024 +0.0022 


Based on n = 9. 
A plus (+) sign indicates tension. 


Table 39 for dead load, for one live load, and for dead load plus one 
live load, the latter being the load for which the structure would be 
designed. The stresses at C3 and C4 and at the two springings of the 
center span that would be produced by the load shown in Fig. 25 if the 
ends of the center span were fixed, are given at the bottom of Table 
39. The stresses in Table 40 are for the live load distributed in such 
a manner as to produce the greatest stress in a single span with fixed 
ends, the section at which this maximum stress occurs being at C3. 
All of the stresses have been computed from the moment and thrust 
on the basis that the concrete takes tension. 

The maximum stress due to the design load shown in Fig. 25 is a 
compression of 1236 lb. per sq. in. at the extrados at C4. If the ends 
of the center span were fixed, the design load shown in Fig. 25 would 
produce a stress of 1034 Ib. per sq. in. at the same point. The maxi- 
mum stress in the single span due to the dead load and the live load 
shown at the bottom of Table 40 is a compression of 1089 Ib. per sq. 
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Fic. 25. Live Loap Propucine Maximum Stress at C4 


in. at the extrados at the load point 3. That is, the elastic deforma- 
: tion of the 20-ft. piers increased the maximum stress due to the design 
load as computed by the elastic theory from 1089 to 1236 lb. per sq. 
in., a change of 13 per cent. 


19. Description of Apparatus——The apparatus used in the tests of 
the single-span structure and described in Section 5 was used in the 
tests of the three-span structure. Some additional apparatus was 
‘needed, however, and some modifications of the apparatus that had 
_ been used seemed desirable. 

The vertical reactions of the pier bases were measured with ap- 

paratus similar to that used for measuring the abutment reactions. 
The horizontal reaction of each pier base was measured with two 
horizontal scales, one on the north and the other on the south side 
of the structure, shown in Fig. 26. The scales are capable of measuring 
reactions in one direction only. To overcome this limitation, a bell 
crank supported on knife edges, and carrying a concrete block on the 
the outer end of its horizontal arm, was provided for each pier base. 
This apparatus produced an initial horizontal thrust of approximately 
1000-Ib. upon each of the horizontal scales, the thrust acting outward 
from the middle of the structure for both piers. In the tests to deter- 
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TABLE 39 


SrressEs AT VaRiIous Sections Dur To Desian Loan, 
CALCULATED BY ExLastic THEORY 


Stresses, in Ib. per sq. in., at Section 


Load iické 
eight, 
Load Pt. | Load Pt. B of B of C of C of 
:: C3 CA AB BC BC CD 
Intrados | = 92 1 —<142 =198 | —i9s | —128° (0 saa 
Dead load Su ee 
heights | Fxtrados | —546 | —500 —342 | —342 | —342 4 —342 


Three-Span Series on Elastic Piers 


Live load 20 Intrados +179 + 646 +137 —258 + 24 +190 

Extrados —272 — 736 —142 +187 — 76 —197 

15 Intrados +157 + 606 +117 —215 + 67 +169 

Extrados —256 — 701 —121 +143 —121 —175 

10 Intrados +130 + 552 + 88 —153 +130 +134 

Extrados —235 — 654 — 91 + 79 —186 —139 

Dead load 20 Intrados + 87 + 504 + 9 —386 —104 + 62 

a= Extrados —818 —1236 —484 —155 —418 —539 
Live load 

15 Intrados + 65 + 464 -— ill —343 — 61 + 41 

Extrados —802 —1201 —463 —199 —463 —517 

10 Intrados + 38 + 410 — 40 —281 = + 6 

Extrados —781 —1154 —433 —263 —528 —481 


Center Span with Ends of Rib Fixed 


LiveJoad’ i” oc. Intrados + 61 te AIO) Ab) ere + 27 +328 | Sees 

Ceara Extrados —187 — 534 ARS —110 —391 rials eae 

Dead load | ..... Intrados — 31 + 268) AP acess —101 4-200 - hi? te atenete 

ci re ial owl chee Extrados —733 —1034 | ..... —452 —733,. | oven 
Live load 


Plus (+) indicates tension, minus (—) indicates compression. 
Aber pe are ay Sig vi from moment and thrust on assumption that concrete takes tension. 
ased on n = 


- 
~ 


mine the elastic properties of the structure and to determine the in- 
fluence ordinates by the application of a unit load, the manipulations 
that produced an inward thrust at the pier bases reduced, but did not 
reverse, the initial thrust upon the horizontal scales. This method 
could be used in these tests because the changes in the thrust were 
small. The design-load tests and the tests to destruction produced a 
large horizontal thrust on the bases of the piers, but this was an out- 
ward thrust and could be resisted by the scales. 

The positions of the reactions for both piers and abutments are 
shown in Fig. 25. 

The hook gages, used to determine the vertical movements of the 
load points of the single-span structure, were sensitive and reliable 
but they were tedious to read. So, for the three-span structure, the 
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TABLE 40 


STRESSES AT VARIOUS Sections, CaLcuLATED By Exastic THEORY 


Single Span Arch With Fixed Ends Under Live Load Givi : 
Stress, Which Occurs at Teereehic oe ia ae 


Stresses, in lb. per sq. in., at 


Load 
Load Point Load Point East West 
No. 3 No. 4 Springing Springing 
Dead load Intrados — 92 —142 —128 - 
Extrados — 546 —500 —342 nae 
Live load Intratios + 464 +158 —293 30 
Extrados — 543 —236 +152 bese: 
Dead load Intrados + 372 + 16 —351 +178 
plus Extrad = — - = 
Tena ados 1089 736 190 685 
Live Load Distribution 
Load Point No.... 1 2 3 4 5 
Live Load........ 960 960 2760 647 18 


Stresses are determined from moment and thrust on assumption that concrete takes tension, 
Computations are based on n = 9. 
A plus (+) sign indicates a tensile stress. 


vertical movements of the load points were measured relative to two 
I beams, one on each side of the rib, continuous from end to end of 
the structure. Two carefully leveled steel plates, one on the north and 
the other on the south side of the rib, were grouted on the top of each 
pier and on the west abutment. Steel rollers on the plates supported 
the I beams without transmitting any horizontal thrust to the piers 
or abutments. The vertical movement of points on the arch rib rela- 
tive to the I beams was measured in the following manner: A %-in. 
vertical rod embedded in the concrete and projecting below the rib on 
its center line directly below each load point had a small hole in the 
lower end. The tops of the I beams were connected with steel battens 
directly beneath each load point and each batten had a small hole at 
its center directly beneath the rod projecting from the bottom of the 
rib. An instrument, consisting of an Ames dial having a conical point 
on its plunger and mounted on a rod with a conical end, was used to 
measure the distance from the lower end of the projecting rod to the 
top of the batten plates, thereby giving the movement of the load 
points relative to the I beams. 

The relative elevation of the piers and abutments was measured 
with a hydrostatic gage. This consisted of four hook gages, one at- 
tached to the structure at the top of each pier and one attached to 
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Fic. 27. Frame ror Mrasurtne Horizonta, MoveMEent or Pir Bases = 
RELATIVE To ABUTMENT 


each abutment, connected by a pipe line so that the water level would 
be the same for all gages at any instant. 

The I beams from which the deflections were measured were also 
used in measuring the horizontal movement of the west abutment, and 
of the tops of both piers, relative to the east abutment. These beams 
were attached to a 1-in. pin that extended through the rib at the east 
springing of the east span in such a way as to cause the beams to 
move horizontally with the east abutment. The beams were supported 
at the pier tops and at the west abutment on rollers that enabled the 
pier tops and the west abutment to move horizontally relatively to the 
beams. Ames dials attached to the beams with their plungers bearing 
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Last Pier 


(a) (6) 


Fia. 28. Lever Bussies ror MEAsurING ANGULAR MoveMENTsS or ABUTMENTS 
AND Pier BASES 


on the pins through the ribs at the springings indicated horizontal 
movement of the west abutment, and of the tops of the piers, relative 
to the east abutment. 

The horizontal movement of points on the piers at various levels, 
relative to the east abutment, was measured by means of the frame 
shown in Fig. 27. The member A B C D consists of the I beams from 
which vertical deflections were measured. The frame B C F E was 
suspended from these beams. Ames dials attached to the lower corn- 
ers of this frame had plungers bearing upon the pins # and F pro- 
jecting from the sides of the piers, the centers of the pins being the 
geometrical centers of the bases of the piers. The pins # and F were 
20 feet below the springing of the arches; pins HZ’ and F’ and pins E” 
and F” were 15 feet and 10 feet, respectively, below the springing. 
The horizontal movement was measured at H and F, at H’ and F”’, and 
at E” and F” when testing the structure at pier heights of 20 feet, 15 
feet, and 10 feet, respectively. In tests requiring one pier to be lowered, 
shims were inserted at that pier between the beam and its support. 
When the pier was raised the shims were removed so that points B 
and C on the beam remained at the same level, the sides of the sus- 
pended frame remained in a vertical position, and the corners # and F 
did not move horizontally because of the vertical movement of the 
pier. 
Differences in the changes in the readings of the dials at B and # 
indicate the horizontal movement of the top relative to the base of the 
pier. 
The. angular positions of the abutments and pier bases were de- 
termined with level bubbles attached to the structure at the points 
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where the rotation was to be measured. The bubble tubes at the 
abutments were carried on steel bars embedded in the concrete, pro- 
jecting from the rib at its center line, and normal to the axis of the 
rib at the springing, as shown in Fig. 28a. The bubble tubes for the 
piers were carried on horizontal bars embedded in the concrete, one 
at the top, and one at distances below the top of 20 ft., 15 ft., and 
10 ft., corresponding to the desired height of pier. The bubble at the 
top of the pier was used in determining the rotation of the top of the 
pier and the bubble at the base, shown in Fig. 28b, was used in de- 
termining the rotation of the base. 

In tests for which the abutments and the bases of the piers were 
fixed, the bubbles were adjusted so as to be in their mid-position be- 
fore the test began and, after the load was changed, the abutments and 
pier bases were rotated till the bubbles returned to their central po- 
sition; in tests for which a predetermined angular movement was to 
be produced, the bubble was read before the test began and then the 
piers and abutments were rotated by manipulating the jacks support- 
ing them until the bubble had moved an amount which, as shown by 
a previous calibration, corresponded to the desired rotation. 


V. EXPERIMENTAL DETERMINATION OF ELASTIC CONSTANTS 


20. Description of Tests—The elastic properties of the ribs were 
determined experimentally by measuring the changes in the reactions 
that accompanied movements of one end of the rib, the other end 
being fixed. The moved end was given, successively, motions of rota- 
tion and of horizontal and vertical translation, being restrained 
against two of the motions when subjected to the other one. The* 
movement, or lack of movement, was determined as follows: The 
vertical translation with the hydrostatic gage, the horizontal trans- 
lation with the Ames dials attached to the pier tops and the west 
abutment, and the rotation with calibrated bubbles attached to the 
two abutments and the two pier tops. The points moved were the two 
abutments and the two pier tops, these being the springings for the 
various arch ribs. The movements were symmetrical about the center 
line of the whole structure. That is, when the top of the east pier was 
tipped inward the top of the west pier was likewise tipped inward; 
when the east abutment was moved outward the west abutment was 
likewise moved outward. This procedure simplified the operations 
necessary to the production of the desired motion, and made possible 
the simultaneous testing of two spans. 


% 
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The arch carried the design dead load continuously during the 
period occupied by these tests, and the movements were so small that 
the thrust line remained within the kern of the arch. Before beginning 
a test involving a given movement, half of the anticipated movement 

_ was produced in one direction before the initial readings were taken, 
. so that the motion for which the changes in reactions were to be de- 
| termined was a movement from a position on one side of the normal 
_ to a position on the other side of the normal. In the case of a change 
in span, if the anticipated change was to be 0.10 in. per span or 0.30 
in. for the three spans, the west abutment was moved outward 0.15 in. 
thereby increasing each span approximately 0.05 in. A complete set 
of zero readings was then recorded. The west abutment was then 
moved in 0.30 in. thereby shortening each span approximately 0.10 
in. to a length 0.05 in. below normal, and a second complete set of 
readings was recorded. The west abutment was then moved outward 
0.30 in. increasing each span 0.10 in. to a value of 0.05 in. above 
normal, and a third set of readings was recorded. A similar procedure 
was followed for the other movements. That is, changes in reactions 
were measured for two movements approximately equal in magnitude 
but opposite in sense; and for each movement the arch went from a 
position on one side of normal to another position an approximately 
equal amount on the other side of normal. 

In taking a set of readings preceding a predetermined movement, 
the piers and abutments were adjusted for position four times, and 
the readings of the instruments were recorded after each adjustment. 
The average of the four readings was accepted as indicating the con- 
dition before the movement. The same procedure was used following 
the movement. 

The details of the various tests are described in the following 


sections. 


21. Spread of Abutments—Preliminary to the tests to determine 
the changes in the reactions due to a change in span, the distance be- 
tween abutments was increased approximately 0.15 in. above normal, 
thereby increasing the length of each span by approximately 0.05 in. 
The bubbles indicating the angular positions of the abutments and of 
the tops of the piers (the springings of the adjacent arches) were ad- 
justed so that they were in their mid-position. The links connecting 
the bases of the piers with the horizontal weighing scales were re- 
moved, allowing the pier bases to be free to move horizontally except 
as they were restrained by rolling friction. Readings were then re- 
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corded of the horizontal and vertical scales for the abutments, of the 
vertical scales for the piers, of the hydrostatic gages indicating the 
relative elevations of the abutments and pier tops, and of the Ames 


dials indicating the horizontal positions of the abutments and pier P 


tops. The piers and abutments were adjusted for position four times 


and these readings were recorded after each adjustment, except that 


the hydrostatic gage was read after the first and last adjustment only. 


The abutments were then forced together about 0.30 in. by turn- 
ing the links connecting each abutment to its horizontal scales. This 
decreased each span by approximately 0.10 in. The jacks under the 
abutments and pier bases were then manipulated until all the bubbles 


at the abutments and pier tops were in their mid-position. A complete — 


set of readings was again recorded, the abutments and piers being ad- 
justed for position four times and readings recorded for each position, 
as before. 

The abutments were then allowed to move apart 0.30 in. and read- 
ings recorded as just described. The tests thus included one decrease 
and one increase in span. 

The reactions of the abutments are given in Table 41 and the re- 
actions of the piers in Table 42. If the structure were homogeneous 
and symmetrical about its center and if the supports of the piers were 
frictionless there would have been no horizontal forces acting on the 
pier bases and all three spans would have had the same change in 
span. Because of the heavy load carried by the wheels under the pier 
bases there was some friction. The magnitude of this force was de- 
termined in the following manner: The vertical reactions of the piers, 
given in Table 42, indicate that the bases were subjected to a moment. 
Assuming the horizontal thrust in the ribs of two adjacent spans to be 
on the same level, the unbalanced thrust from adjacent spans must 
balance the moment on the pier base. In the case of the east pier the 
moment on the base, for a decrease in span, is 53 783 in. lb. The 
line of action of the horizontal thrust is 389 in. above the top of the 
rollers supporting the pier bases. For a decrease in span, the unbal- 
anced thrust on the east pier, due to the east and center spans, is 


53 783 
therefore 


138 lb. Since the thrust from the east span, given 


in Table 41, is 1744 lb. the thrust from the center span is 1774 — 138 

= 1606 lb., as determined from the east abutment and east pier. The 

same thrust, determined from the west pier and west abutment is, 
90 037 

1883 — 


= 1652 lb., the two values differing by 46 lb. An 
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average value of 1629 has been used. For an increase in span, the 
68 207 


thrust in the center span is 1820 — = 1645 lb., as determined 


81 457 
= 1655 lb., 


from the east abutment and east pier; and 1864 — 


as determined from the west abutment and west pier, the values dif- 
fering by 10 lb. An average value of 1650 lb. has been used. 

The moment at the springings of the center span was determined 
from the horizontal thrust on the assumption that the distance of the 
thrust line above the springing for the center was the average of the 
values for the two end spans. 

The moment and thrust resulting from the changes in span are 
given in Table 43. The 5th line of the table gives the average of the 
values obtained by decreasing and increasing the span, reduced to a 
basis of a change in length of each span of 0.10 in. 

The computed value of these elastic constants depends upon the 
modulus of elasticity of the concrete. The ratio of the measured values 
to the values computed by the elastic theory on the assumption that 
E =2°500 000 lb. per sq. in. is given for the various spans in the last 
line of Table 43. The line of action of the horizontal thrust is at 
nearly the same elevation for the two end spans and its position as 
determined from measured moments and thrust is about 4.5 in. below 
its position as determined by the elastic theory. 


22. Rotation of Abutments and Pier Tops.—The general principles 
followed in the tests to determine the elastic constants of the arches 
by measuring the changes in the reactions that accompanied a change 
in span were used in the tests to determine the elastic constants by 
rotating one end of a span when the other end was fixed. The tests 
were made on the end spans only. Two series of tests were made on 


each end span. For one series, the pier top was fixed and the abut- 


ment was rotated without any motion of translation. For the other 
series, the abutments were fixed and the pier tops were rotated. The 
results of the first series of tests are given in Table 44 and the results 
of the second series in Table 45. The last line of each table gives the 
ratio of the measured to the computed value, the latter being deter- 
mined by the elastic theory on the basis that H —2 500 000 lb. per 


sq. in. 


23. Settlement of Piers—As a preliminary to the tests for deter- 
mining the elastic constants by changing the elevation of one end of a 
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TABLE 47 


Ratio oF VALUES oF Exastic ConsTANTS OBTAINED FROM MEASURED REACTIONS TO 
VALUES OBTAINED FROM ELastic THEORY 
E taken as 2.50 in 108 Ib. per sq. in. 


Elastic Constant for 


Movement 
Moment Berea! i Average 

(OLSEN TRS of einige ec Ines coe 1.4014 W453. Sa eats 1.426 
Rotation of abutments. .....; Parsiviecsieiares 1.4134 1.365? 1.4802 1.420 
Rotation of pier tops..............055 1.3604 1.3402 1.353? 1.351 
Settlement of support.............-.. UE SOOR SO We Bvessicces 1.3892 1,390 
Average of averages.............+2265 1.391 1.385 1.407 1.396 

1.400 


Numerals indicate number of values averaged. 


span relative to the other, both piers were lowered 0.125 in. and a 
shim 0.25 in. thick was inserted on the roller that supports the I beams 
for measuring the span. The abutments and piers were adjusted for 
position four times and readings were recorded after each adjustment. 
Both piers were then raised 0.25 in., and the 0.25 in. shims on the 
rollers supporting the I beams were removed so that the relative ele- 
vation of the supports for the I beams would be the same when the 
piers were in their high as when they were in their low position. The 
piers and abutments were adjusted for position four times and the 
readings were recorded after each adjustment. The piers were then 
lowered 0.25 in. and the operations repeated. The results of the tests 
are given in Table 46. 


24. Average Values of Elastic Constants—The elastic constants 
for the arch ribs have been determined by the four tests described in 
Sections 20 to 23, inclusive. The experimentally-determined values 
have been expressed as the ratios of these values to the corresponding 
values computed by the elastic theory, on the basis that the modulus 
of elasticity is 2 500 000 lb. per sq. in. Tf all of the assumptions upon 
which the elastic theory is based were true and if the tests were all 
accurate, all values of the ratio would be equal. The values of the 
ratio determined by the various tests are given in Table 47. The 
numeral above each ratio in this table indicates the number of values 
averaged. The average of all the averages is 1.396, approximately 
1.40, a value that will be used. Values of elastic constants 1.40 times 
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TABLE 48 
AVERAGE VALUES OF EXPERIMENTALLY-DETERMINED ELASTIC CONSTANTS 


Values are based on Table 47 and are equal to 1.4 times the values of elastic constants obtained » 
by the elastic theory on the basis that H = 2.50 in 106 lb. per sq. in. 


Reaction of East Abutment 


ee Horizontal Vertical é 

Moment Thrust hear ce | 

In. Ib lb. lb. ; 

a ere $ 

Cia i Pe Ree ee. 4 a Se r 

Spreadow 0:20 ‘in aaarere od aan tyes sa1s aie Sais —93 712 —1425 0 r 

Settlement of east end 0.10 in.............. +14 228 0 — 88 : 

Rotation of east abutment of 0.001 radian, . 
Pop tipping IMAite .bisws vies Ses oaele hoe +89 582 + 937 —143 

Rotation of west abutment of 0.001 radian, 

LOPsCippiaw Estos as wave wale re were eee +43 481 + 937 +143 


the values computed by the elastic theory, on the basis that EZ 
is 2 500 000 lb. per sq. in., are given in Table 48. These have been : 
considered as the average values of the experimentally-determined _ 
elastic constants, and are the values that will be used in Section 26 
to determine the reactions of the tops of the piers due to unit loads 
from the movement of the pier tops. | 


VI. INFLUENCE OrpDINATES OBTAINED BY UNivT LOADS 


25. Description of Tests—The influence ordinates for the reac- 
tions at the springings of all three spans were determined experi- 
mentally by measuring the changes that occurred when a unit load 
was applied and removed, successively, at the various load points 
The unit load was 2000 lb., and the tests were made with the design 
dead load on the structure. The reactions were determined in two 
ways (1) by weighing the reactions before and after the application 
and removal of the unit load and computing the moment and the H 
and V components of the reactions from the changes in the scale read- 
ings; and (2) by measuring the displacement of the tops of the piers 
due to the application and removal of the unit load and computing 
the moment and the H and V components of the reactions correspond- 
ing to these displacements, using the experimentally-determined elas- 
tic constants given in Table 48, and the fixed-end reactions for n—= 9 
given in Table 3. The method of making a test was as follows: 

With no live load on the structure, the abutments and pier bases 
were adjusted to their normal position except that the span was made 
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slightly less than normal, thereby decreasing the compression at the 
extrados at the crown and keeping the thrust line nearer the axis of 
the rib when the unit load was at load points C4 and C5. The initial 
position of each of the terminals was indicated by the level bubbles, 
and the Ames dials and hydrostatic gage attached to the abutments 
and pier tops. The readings of these instruments were recorded to 
make it possible to return the terminals to their initial position after 
. each load change. The movement of the pier tops was determined by 
the Ames dials, which indicated changes in span, and by calibrated 
_ level bubbles, which indicated rotations. The scales measured the re- 
actions at the abutments and pier bases. In making a test, readings 
_ were taken with only the design dead load upon the arch, after the 
- unit live load had been added, and again after the unit live load had 
_ been removed. A complete test for each load point therefore included 
_ determining the change in the reactions due to applying the unit load 
and also that due to removing the unit load. 

The influence ordinates were determined by both methods for 20- 
foot piers, but only by measuring the movement of the pier tops for 
15-foot and 10-foot piers. In the tests with 20-foot piers the instru- 
ments indicating the position of the pier bases were attached to the 
piers at a distance of 20 feet below the springings of the arches. In 
the tests with 15-ft. and 10-ft. piers these instruments were attached 
15 ft. and 10 ft., respectively, below the springings. In the early tests 
the abutments and pier bases were adjusted for position four times 
before and after each load change, and all instruments were read after 
each adjustment. As the operators developed proficiency in adjusting 
the terminals, the readings after successive adjustments were in such 
close agreement that four adjustments seemed unnecessary and only 
two adjustments were made for all but a few of the early tests. 


26. Influence Ordinates Obtained from Movement of Pier Tops.— 
The influence ordinates for moment, and for the horizontal thrust and 
the vertical shear at both springings of all spans, were determined from 
the movement of the pier tops that accompanied the application and 
removal of a load of 2000 Ib. at each of the various load points. These 
tests were made for structures having pier heights of: 20 ft., 15 ft., 
and 10 ft. 

The method of determining the reactions at the springings from the 
movement of the pier tops is illustrated in Tables 49 and 50. Each 
component (H, V, or M) of a reaction is made up of four parts: The 
reaction due to spread, the reaction due to rotation of the top of the 
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TABLE 49 


INFLUENCE ORDINATES FOR Moment By Unit Loaps, OBTAINED FROM 
Movement oF Pirr Tors 
20-foot piers 


Moment, in in. lb., at 


Change 
in Due to —————S ee, eee ee ee een ee 
— Aof AB | Bof AB | Bof BC | Cof BC |CofCD|DofCcD 
5 5 5 
Onat H5| Spread............. —19 117 | —19 117 | +15 369 | +15 369 | +3655 | +365 
en Rostenke LS — 6 148 | —12 667 | +12 667 | + 6 148 0 
Rotation ati) occ oes 0 Oo; -2 = -—5 aay Saag +2683 
Fixed-end loading...| +51 403 | +23 697 
Resultant.........| +26 138 | — 8 087 | +25 353 | +15 990 | +9182 | +6338 
= pe —4967 
Off at H5| Spread............. +18 836 | +18 336 | —13 963 | —13 963 | —4967 | —496 
Rotation at B....... + 6 444 | +13 276 | —13 276 | — 6 444 0 0 
Rotation at Cin ee 0 got | + 2 282 | + 4 649 —4649 | —2257 
Fixed-end loading...| —51 403 | —23 
Resultant... ..-...| —26 123 | +8 415 | —24 982 | —15 758 | —9616 | —7224 
Average, load on and off........ +26 130 | — 8 251 | +25 167 | +15 874 | +9399 | +6781 
By Elastic Theory.............. +28 042 | — 5 788 | +23 622 | +15 475 | +7887 | +5862 


east pier, the reaction due to rotation of the top of the west pier, and 
the fixed-end reaction due to the unit load. These components are 
listed separately in the various lines of the tables. The resultant com- 
ponent (H, V, or M) is the algebraic sum of the various parts. Tables 
49 and 50 show the computations for the change in the reactions due 
to applying and removing the unit load from E5. The average of 
these two values for each component reaction is compared with the 
value obtained by the elastic theory in the two last lines of the table. 

The reactions obtained from the movement of the pier tops are 
compared graphically with the values obtained by the elastic theory in 
the diagrams of Figs. 29 to 37, inclusive. In these diagrams the light 
full lines represent the values by the elastic theory; the heavy full 
lines represent the experimental values determined by applying and 
removing a unit load successively at each load point on the east half 
of the structure; and the broken lines represent the experimental 
values determined by. applying and removing a unit load successively 
at each load point on the west half of the structure. The broken-line 
diagrams have been turned end for end to make them directly compa- 
rable with the heavy full-line diagrams. A comparison of the broken- 
line diagrams and the corresponding heavy full-line diagrams shows 
the agreement between the experimentally-determined values obtained 
for points symmetrically spaced with reference to the center of the 
structure. A comparison of the light full-line diagrams with the two 
experimentally-determined diagrams shows the agreement between 
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the measured values and the values computed by the elastic theory. 
These agreements are remarkably close except for small portions of a 
few diagrams, and in no case is the lack of agreement very great. 

The influence lines for the fixed-end reactions at the east end of the 
center span are also given in Fig. 31. 


27. Inflwence Ordinates Obtained from Measured Reactions —The 
influence ordinates for moment, and for the horizontal and vertical 
components of the thrust at both springings of all spans, were deter- 
mined from the measured changes in the loads on the scales that ac- 
companied the application and removal of a load of 2000 lb. at each 
of the various load points. These tests were made only for the struc- 
ture having 20-foot piers. 
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Taste 51 


INFLUENCE ORDINATES FOR Moment By Unrr Loaps, OBTAINED FROM 
MEAsuURED REACTIONS 
20-foot piers 


Moment, in in. lb., at 


Line 
Aof AB | Bof AB | Bof BC | Cof BC | CofCD |DofCD 
1 Boad! on at JE cs cess —51 6386 | + 1170} + 1973 /) +2428] + 942 618 
2 Load off at Hl. ....... +53 191 | — 2855} — 1053] + 601] + 1 155 is 831 
3 Average, load on and off} —52 413 | + 2012] +1513] + 913] — 106 | — 106 
4 By Elastic Theory... -4| —51 019 | + 5 735 | + 3 667 | + 2 259 | + 1 173 | + 873 
5 Load on) at 22). ocsex: —65 806 | +13 970 | + 9 622] + 6 478 | + 2 123 | +1799 
6 Load off at H2........ +62 945 | —17 479 —12 712 — 8 127 — 5 750 | —4454 
7 Average, load on and off} —64 015 | +15 724 | +11 167 | + 7 302] + 3 936 | +3126 
8 By Elastic Theory.....| —61 876 | +17 630 | +12 634 |} + 7 829 | + 4 059 | +3020 
9 Load on: at B33)... ..<5 —44 698 | +20 257 +21 562 | +13 870 | + 8 102 | +5186 
10 Load off at H3........ +41 695 —22 612 —23 720 | —138 113 — 9 483 —7863 
11 Average, load on and off} —43 196 | +21 434 | +22 641 | +13 491 | + 8 792 | +6524 
12 By Elastic Theory..... —39 449 | +24 970 | +22 339 | +13 977 | + 7 224 | +5374 
13 Load on at #4........ — 5 093 | +16 208 | +29 372 | +18 245 | + 9 628 | +7036 
14 Load off at H4........ + 3 201 —15 832 —27 458 —15 974 | —10 050 | —8106 
15 Average, load on and off} — 4 147 +16 020 | +28 415 | +17 109 | + 9 839 | +7571 
16 By Elastic Theory.....| — 2 390 | +17 713 | +27 099 | +17 228 | + 8 861 | +6590 
alg Load on at #5........ +27 299 | — 6 068} +24 886 | +15 098 | + 8 656 | +6712 
18 Load off at H5........ —27 006 | + 6 038 | —23 970 | —15 727 | —10 675 | —7759 
19 Average, load on and off} +27 152 | — 6 053 | +24 428 | +15 412 | + 9 665 | +7235 
20 By Elastic Theory.....| +28 042 — 5 788 | +23 622 +15 475 | + 7 887 +5862 
21 Load on at E6........ +36 156 —36 006 | +11 167 + 7 934 |} + 3 851 +2231 
22 Load off at H6........ —39 469 | +34 637 | —12 004 | — 8 999 | — 6 878 | —5582 
23 Average, load on and off +37 812 | —35 321 | +11 585 | + 8 466 | + 5 364 +3906 
24 By Elastic Theory..... +38 462 —35 196 | +13 436 | + 9 490 | + 4 731 +3512 


The changes in moments due to applying and removing the unit 
load at points £1 to E6, inclusive, are compared with the values ob- 
tained by the elastic theory in Table 51 and the changes in the hori- 
zontal and vertical components of the thrust are given in Table 52. 

The influence lines for reactions determined from the scale read- 
ings are compared with the corresponding lines obtained from the 
elastic theory in Figs. 38, 39, and 40. In these figures the light full 
lines represent the values by the elastic theory; the heavy full lines 
represent the experimental values determined by applying a unit load 
at points on the east half of the structure; and the broken lines repre- 
sent the experimental values determined by applying a unit load at 
points on the west half of the structure. The broken-line diagrams 
have been turned end for end to make them directly comparable with 
the heavy full-line diagrams. A comparison of the broken-line dia- 
grams and the corresponding heavy full-line diagrams shows the agree- 
ment between the experimentally-determined values obtained for 
points symmetrically spaced with reference to the center of the struc- 
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ture. A comparison of the light full-line diagrams with the two experi- 
mentally-determined diagrams shows the agreement between the meas- 
ured values and the values computed by the elastic theory. These 
agreements are remarkably close except for small portions of a few 
diagrams and in no case is the lack of agreement very great. 


28. Comparison of Deflection Diagrams and Influence Lines. — If 
an arch or arch series is made of a homogeneous elastic material, a 
diagram showing the vertical movement of the load points due to 
one component of movement (X,Y, or @) of a terminal, is also | 
an influence line of the reaction at the terminal moved, the movement 
and reaction being parallel. Tests were made to determine the vertical 
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deflection of all load points due to giving, successively, each of the 
four terminals (the two abutments and the two pier bases) the fol- 
lowing movements: (1) rotation without horizontal or vertical trans- 
lation, (2) horizontal translation without rotation or vertical transla- 
tion, and (3) vertical translation without rotation or horizontal trans- 
lation. All of these tests were made at pier heights of 20 ft., 15 ft., and 
10 ft., making a total of 36 tests in all. 

- The arch carried the design dead load and the movements were 
planned to keep the thrust line within the kern at all sections. The 
position of the terminals was indicated by the Ames dials, the hydro- 
static gages, and the level bubbles; and the vertical movement of 
points on the arch rib was measured relative to the top of the I beams 
in the manner described in Section 19. 

For the tests to determine the deflection of the rib due to a hori- 
zontal motion of a terminal, the terminals were all brought to their 
normal position and the readings of all instruments were recorded. 
All observations were made in duplicate. The terminal to be moved 
was then moved horizontally without rotation or vertical translation a 
distance of approximately 0.100 in. and all the other terminals were 
brought back to their initial position, the readings of all instruments 
being again recorded. The terminal that had been moved was then 
returned to its original position and another complete set of readings 
was taken. Thus a test for one component of movement of one termi- 
nal involved the determination of the deflection due to moving the 
terminal first in one direction and then in the opposite direction. 

The results of the tests are shown in Figs. 41 to 46 inclusive, Figs. 
41 and 42 show the deflection due to settlement, Figs. 43 and 44 the 
deflection due to spread, and Figs. 45 and 46 the deflection due to ro- 
tation. In these diagrams the light full lines represent the values com- 
puted by the elastic theory and the heavy broken lines represent the 
deflection resulting from movement of the terminals. For both sets 
of diagrams the deflection has been converted into ordinates of the 
corresponding influence line. The light broken line and the light dotted 
line represent the influence lines for reactions as determined by the ap- 
plication and removal of a unit load of 2000 lb., successively, at the 
various load points, as described in Sections 26 and 27, the ordinates 
for the light broken lines having been determined from the movement 
of the pier tops, and the ordinates for the light dotted lines from the 
measured reactions at the abutments and pier bases. All influence 
lines for the vertical shears, given in Figs. 41 and 42, are so nearly 
alike that the various lines can hardly be distinguished. The influence 


. & eee f ; ; - 
- < ASV YI LY NOMOVaY IWOLMLYGA INGWLOGY iV NOWMOVAY IWOLLYT A 
3 : *SNOLLOVaY IVNIWUG I, aod SANIT FONDA TINT ‘GV ‘DIA “SNOILOVAY IVNIWNU LL dod SANTT GONGATANT “TP “DIY 


TTT TUT TT i H al A LH 
BRGRRURRGEE ML | F 
HURRRERRDRLS ae 

ia 


ShUAMBNOY JOU 42 
90 Of BQ SUWLIA SAG U4 -~----- 


i} 
S 


Sy 
S 


S 
S 


SI 
SURO Ul Ol IDaAY /B2p12A/ 


SOMOS / WO/fIDIY fe 


SS 


SLUBUMBNOLY fOUsusAL 
Of ANG SUOLIA/ {EQ UWOL/ 
StUOL{ 208 (PAMSOAY] LUDA Y 


ILLINOIS ENGINEERING EXPERIMENT STATION 


SUO'UBWOBY PPALISOA AY UMOM Af ----- 
SAO] +l JO {UALUANQ ------ SAP /qf 
6=0/ eee aes as Rs 01 say Val 0 {UALUPAOW ------ = 4004-0) 
‘ f e 6=t (110241 2S0/7 UW0l/ | 
a Beane: TE 
ye fet 
a 7 


104 


MMMM OM MM IM 89 £999 SD VIED 2D 1D 87 47 99: SI FF EF 27 IF EM 4M MIM EM EM IM = 89.29 99 59 19 £9.29 19-87 7 FSF FEF 27 IF 


aD CONCRETE ARCH RIBS ON SLENDER PIERS 


ASV WIg LV NOMOVaY IVLNOZINO_{ 
‘SNOLLOVEY 'IVNIWUA], YO SANIT GONGNWIN] ‘pp DI 


19D 
=) 
— 


SYUAMBNOpY) JOU t+21, 


Of #7 SUONWIALYLAT OLA --~-—- 

SUOMIOAY (DALI BY, UONG -- 0 

S01 4A JO fUAMBNOY ------- 
620 PIOBYL PMSOlZ UO 


PRT 
a | SAB lq 


RCE! 


-REINFO 


“SNOLLOVaAY IVNIWUAT, YO SANIT DONGNTANT “EP ‘DLT 


INAWLAGY LY NOWOvaY IWINOZIYOR, 


4007-02 


Sal if 4 
4007/-0/ \f 


a, 


ALy/+ 


PELE 


ak 


SUOMWp2O8d) BANSOIY OLA 


SLUBLUBAOLY JOU tI 
Of AQ StiOlZ22/fAG LOL7 


SOL dal f$O fUMUEAOLY 


650 PICPUL WHASOLT LOL 


SOUR0Y Ul {SPIGL [OfUOZL1O 


MMMM AM EMM IM 89.4) 99. $9.29 £9 29:19 


nig S mhdget | , ’ iaety G 2 eas oe he 
' gq wig iv INGWoy, INGWLAGY LY LNGWO;A 
SNOMLOVAY IVNINUAT, YOU SANIT GONGNTANT ‘QP ‘OTT ‘SNOMLOVEY IVNIWUGT, YOU SANYT GONANTANT “Cp ‘DLT 


ET } 
copes ae Reopen pat Beer | \ vA ictal me ia Laie Fe 
SUOYAOAY AAPSODY UO A ET PILE PICA LOTT, ae 
Op Sop rae stionn0ay PESO, UIOLY 
620 Bloay, 2YSO/7 UO : \ SOO] 1H) 72 fclavdanayy \" BS 
: j 6=U ‘F08Y] W4SOlT UWUO4] 


TRAN eT TLL, 


SOURGS-Y2t At plieldopf 


rete Onan? | os 


Ss 


S$ 


ILLINOIS ENGINEERING EXPERIMENT STATION 


EMLMMMMMM IM 892999 SDLDED2IID §=8707 99.57 7 £7 27 IF SULM INI MEME IM =89 L299 SD POED ZI 19 = 87 27 97 ST PT EF 27 IF 


eallinat= . 


a en 


REINFORCED CONCRETE ARCH RIBS ON SLENDER PIERS 107 


lines for the horizontal reaction of the abutments, given in Fig. 43, are 
all in fair agreement, but the influence lines for the horizontal reaction 
at the pier bases, given in Fig. 44, differ materially; the lines obtained 
from the deflection due to movement of the terminals differ from the 
lines obtained by the elastic theory and from those obtained by the 
application and removal of a unit load. The influence lines for mo- 
ment are given in Figs. 45 and 46. The statement just made relative 
to the influence lines for horizontal reaction at the pier bases is equally 
applicable to the influence lines for moment at both the pier bases and 
the abutments. 

Although the deflection diagrams differ materially from the influ- 
ence lines, they have the same general characteristics and, if used as 
influence lines, would indicate approximately the same distribution of 


_ live load for maximum stress. The values of the live-load stress as 


determined from deflection lines and from influence lines would agree 


- fairly well, but the values of the dead-load stress as determined from 


the deflection diagrams and from the influence lines might differ 
greatly. It is not surprising that the deflection diagrams for the con- 
crete structure differ somewhat from the corresponding influence lines, 
since the theorem of reciprocal deflections is based upon assumptions 
as to the properties of the material which, it is known, are not valid 
for concrete. 


VII. Drstcn-Loap TESTS 


29. Description of Tests—Tests were made to determine the re- 
actions and the location of the thrust line for the design load, consist- 
ing of the dead load and one live load, shown on Fig. 25. With no load 
upon the structure the abutments and piers were brought to their 
normal position as indicated by the scale readings. The level bubbles 
on the abutments and on the pier tops and pier bases were adjusted 
so as to be in their mid-position, and a complete set of readings was 
taken. These readings included the Ames dials, indicating the spans, 
the hydrostatic gages, indicating the relative height of the piers and 
abutments, the Ames dials, indicating the vertical position of the load 
points, the horizontal and vertical scales at both abutments and pier 
bases, and the strain gage at a section midway between each pair of 
adjacent load points, at the intrados and at the extrados. All readings 
were taken in duplicate, and the piers and abutments were moved 
and then brought back to their normal position between readings. 

A complete set of readings, as described above, was taken after 
the dead load, and again after the live load had been added, all 
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terminals being returned to their normal position after the application — 
of each load. The dead load plus the live load remained on the arch — 
over night. With the dead and live load still on the arch, the instru- — 
ments were read the following morning, after the terminals had been — 
returned to their normal position. Complete readings were again re- 
corded after first the live load and then the dead load had been re- % 
moved. That is, the complete series consisted of determining the effect. 
of applying and also of removing both the design dead load and the 
design live load. . 

Tests as outlined were made on the structure for pier heights of 
10 ft., 15 ft., and 20 ft., in the order named. The results of the tests 
are presented in Sections 30, 31, and 32. 


30. Modulus of Elasticity of Concrete in Ribs—The strain in the 
concrete in the ribs was measured on two gage lines at the intrados 
and two at the extrados on a section midway between each pair of 
adjacent load points. Since the reactions of the terminals were meas- 
ured, the tangential thrust in the arch at each section where the strain 
was measured could be determined. The portion of the tangential 
thrust taken by the steel was computed on the basis that the average 
strain in the steel was the same as the average strain in the adjacent 
concrete. The portion of the tangential thrust not taken by the steel 
was taken by the concrete, and the average unit stress in the concrete 
could be computed for each section, since the area of the section is 
known. The modulus of elasticity of the concrete for each section 
was then determined from the average stress and average strain at 
that section. The method of making these computations is illustrated 
in Table 53. The strain used is the average of the values for load on 
and load off. Tables similar to Table 53 were prepared for the center — 
and west spans, but have not been included in this report. The strain 
used in Table 53 is the strain due to dead load plus one live load. The 
modulus was also determined for all spans from the dead-load strain 
only. The modulus at the various sections, and the average for the 
whole structure, are given in Table 54. The values in this table in- 
dicate that the concrete in the east span had a much higher modulus 
than that in either the center or west span. The consistently low value 
of the modulus at the crown for all spans is of interest. 


31. Position of Thrust Line-—The positions of the thrust lines for 
dead load and for dead load plus live load, as determined from the 
measured reactions of the abutments and pier bases, are shown by 
the broken-line diagrams of Fig. 47. The full-line diagrams of the 
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same figure show the position of the same thrust lines as determined 
by the elastic theory. The position of the dead-load thrust line would 
not be affected by the pier heights if the structure were symmetrical 
and symmetrically loaded, and if the material were homogenous. The 
i line given is from tests on the structure having 20-ft. piers, but the 
tests on the three structures having different pier heights agree so 
closely that, if the results had all been plotted on the same field, the 
three thrust lines would not have been distinguishable. The line for 
_ the thrust due to dead load plus live load is shown separately for ~ 
structures having pier ‘heights of 20 ft., 15 ft., and 10 ft., respectively. 
In drawing the diagrams of Fig. 47, the thrust line for the west 
span was drawn to the left, beginning at a point at the west abutment 
: located from the measured reactions of the west abutment, and the 
_ thrust line for the west pier was drawn upward beginning at a point 
_ located from the measured reactions at the base of the pier. The inter- 
section of these two thrust lines is one point on the thrust line for the 
center span. This latter thrust line was drawn through this intersec- 
- tion and extended to the crown of the middle span. The thrust line for 
the east half of the structure was constructed in the same manner, be- 
ginning at points at the east abutment and east pier base determined 
from the measured reactions at these terminals. The lack of closure 
at the crown is indicative of the error in the work. Inasmuch as the 
coordinates of all intersections on the thrust lines were computed and 
not determined graphically, the errors are due to inaccuracies in the 
reactions or in the loads. The lack of closure appears small but the 
fact should not be overlooked that a small error in the location of 
the thrust line may cause a large error in the unit stress. 
_ The shaded trapezoidal areas are strain diagrams determined from 
the measured strain in the concrete. The small circles represent the 
centers of gravity of these areas, corrected for the effect of the rein- 
forcing steel, and, if stress were exactly proportional to strain, these 
should lie on the thrust line. Inasmuch as the stress-strain diagrams 
of Fig. 21 are very nearly straight at strains due to the design load, 
and since the structure had been loaded and unloaded several times 
before the test was made, the stress-strain diagram was probably 
nearly straight and the small circles may be accepted as a very re- 
liable although not very sensitive means of locating the position of the 
line of thrust. In general these circles are on the lines of thrust, and, 
for those instances for which the two positions of the thrust line do 
not agree, the small circles generally fall nearer to the theoretical line 
than to the line determined from measured reactions. 
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The diagrams of Fig. 47 indicate that the position of the thrust 
line, a factor which, with the magnitude of the thrust, largely deter- 
mines the stress in the rib, is determined very accurately by the elastic 
theory even though the modulus of elasticity of the concrete varies 
through a wide range over the length of the structure. 


32. Deflection Due to Load.—The vertical movement of the load 
points due to the load increments in the design-load tests are given in 
Fig. 48, for structures having pier heights of 20 ft., 15 ft., and 10 ft., 
respectively. The east span apparently deflected less under the dead 
load than the center and west spans. The top of the east pier also 
rotated slightly, the top tipping east. Both of these phenomena might 
be due to the fact that the modulus of elasticity of the concrete, as 
given in Table 54, was greater for the east span than for the other 
two spans. 


VIII. Test ro Famure 


33. Description of Test—The load-carrying capacity of the struc- 
ture was determined when the pier bases were fixed at a distance 20 
feet below the springing of the arch. The observations made in ad- 
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dition to those necessary to insure that all terminals were returned to 
their normal position were as follows: the scale reading at each pier 
base and each abutment; the strain in the concrete at sections mid- 
way between each pair of adjacent load points; the rotation and hori- 
zontal movement of the pier tops; and the vertical movement of all 
load points. 

A complete set of readings was taken when the structure carried 
each of the following loads: (1) its own weight, the zero or basic 
reading; (2) the design dead load; (3) the design dead load plus one 
live load; (4) the design dead load plus two live loads; (5) the design 
dead load plus three live loads; and (6) the design dead load plus 
four live loads. The arch was subjected to the design dead load plus 
four and one-half live loads, which it was able to carry, but no read- 
ings were taken, although the terminals were returned to their normal 
position. When the load was increased to five live loads (in addition 


to the dead load) the arch failed at load point C4. It would seem, 


therefore, that the load-carrying capacity of the structure was between 
four and one-half and five times the design live load plus the design 
dead load. The rib was cracked in many places in each of the three 
spans, but for all sections except at C4 the cracks, although more than 
hair cracks, were small, and there was no indication of impending 
failure at any other section. There were also small cracks in the piers 
near the bases. 

The failure was a typical flexural failure for a concrete beam; a 
large crack opened on one side and the concrete spalled on the opposite 
side. These features of the failure are shown on Fig. 49. 


34. Position of Thrust Line——The position of the thrust line for 
the various loads is shown in Fig. 50. In this figure the full lines are 
from the elastic theory and the broken lines from the measured re- 
actions. The latter were constructed from the east abutment to the 
east pier and from the west abutment to the east pier, thereby elimi- 
nating the use of the horizontal reaction of the base of the east pier, 
which was found to be in error for all loads above the dead load plus 
one live load. 

The trapezoids of strain are shown in the figure. The small circles 
representing the centers of pressure as determined from the strain are 
given only at sections where the tension was not great enough to crack 
the concrete. 

The fact that, even for loads near the ultimate, the positions of 
the thrust line determined from the measured reactions and by the 
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(a) 


(b) 
Fie. 49. Farture or Arco Rip at C4 
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elastic theary agree so well, and the fact that the centers of pressure 
determined from the measured strain fall upon these thrust lines, 
would apparently indicate that the posztion of the thrust line is given 
accurately by the elastic theory even though considerable portions of 
the rib contain many tension cracks. 


35. Deflection Due to Load.—The vertical movement of the load 
nts is shown by the diagrams of Fig. 51. The consistency of the 
lections at the various loads is especially interesting inasmuch as 
“ib contained some cracks when subjected to the dead load plus 
ive loads and there were a large number of cracks when the rib 
bjected to three and four live loads. These cracks increased the 
-ude of the deflection, but did not change the general shape of 


ILLINOIS ENGINEERING EXPERIMENT STATION 


116 


ase oe Yi eee rors % 
XYOTH], OMSVIGT AG 
ISMUH], IVLNOZINOP[ YOL SANIT GONGAIINY “EG ‘DIT 


SU 
PNET TST 
HHAAUOEUENYONUPANOHOAAOAIND 
TN eres TTT 


or 
TEV 
OS 
Ts 
PEs 
Sel a I 7 OX 
HTTPS Ns 
EEN LT 
UT eee AY TT VII U8 
: we , 

ee LT 


8 
= 


EM LM IMM OM EM OM |, BD LD ID GICD EDAD ID = 87 £7 97 §7 UF FF 27 /F 


AUOUH J, OILSVIGY AG 


SONIONTYdg LY LINGO] aod SANIT AONGNTANT “CG ‘OIA 


HNVHTEULR ANE 2zcca 
TE NUE 


\ 
Ay 


IN cE 02 


EMCMINTIMIMEMAM IM 89 £479 99 9909 £9 DID =F £7 979: §7 PFT £7 27 17 


PN TTT EET, 
PVN 


tte 


AclAldop] 


OY i] CL 


SOU? 


< —— b g g ie 
oe a ae 07 DS Fara 


ee 


REINFORCED CONCRETE ARCH RIBS ON SLENDER PIERS 117 


the diagrams. The maximum downward movement due to four live 
loads was at C4 and was 1.1 in.; the maximum upward movement 
occurred at W5 and was 0.50 in. The secondary stress at C4 due to 
the deflection of the arch axis produced by the design load was 78 lbs. 
per sq. in. This secondary stress was compression at the extrados, the 
same as the primary stress. 


36. Umt Strength Developed by Concrete in Arch Rib. — The 
structure carried the design dead load plus four and one-half times 
the design live load} but failed when another one-half live load was 
added. From the values in Table 39 the unit stress due to the dead 
load plus four and one-half live loads is 3812 lb. per sq. in. This value 
is based upon the elastic theory, and is subject to two corrections 
opposite in sense. The secondary stress due to the deflection of the 
rib produces, at the ultimate load, a compression at the extrados at 
C4 of about 400 lb. per sq. in. Its omission is offset by the fact that 
the true position of the thrust line at C4 is somewhat below the po- 
sition determined by the elastic theory. The strength of the concrete 
as determined from control cylinders, given in Table 30, is 3310 lb. 
per sq. in. 


IX. Discussion or RESULTS 


37. Influence of Variation in Modulus of Elasticity of Concrete 
upon Stress Distribution.—The structure was analyzed twice, the first 
time on the basis that H = 2 000 000 lb. per sq. in. (n= 15) and the 
second time on the basis that H —3 333 000 lb. per sq. in.* (n=9Q). 
Influence lines for the reactions at the springings are given in Figs. 
52 and 53. The full-line diagrams are based upon n= 15, and the 
broken-line diagrams upon the basis that n—=9. These diagrams are 
for structures having 20-foot piers. Similar diagrams were drawn for 
structures having 15-foot and 10-foot piers. The influence lines for 
the vertical shear were also drawn, but the two sets of lines, one for 
nm =—=9 and the other for n—15, were in such close agreement that 
they are not distinguishable from each other. For all structures, 
changing n from 15 to 9 had very little effect upon the reactions. 

For the structure tested, the modulus of elasticity of the concrete 
was very much less at the crown than near the ends, for all spans. 
For the west span, the modulus for the west half was much less than 
that for the east half. Moreover, the average modulus for the east 
span was about 40 per cent greater than that for the center and west 


*See note page 66. 
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spans. These variations in the modulus do not appear to have in- 
fluenced appreciably the stress due to the live load. The effect of the 
variations upon the dead-load stress is not apparent. 


38. Accuracy of Tests—There are a number of considerations 
which indicate the accuracy of the tests. In general, points represent- 
ing experimental results fall on smooth curves. Tests on the opposite 
ends of the symmetrical structure give remarkably consistent results. 
Influence ordinates determined from movements of pier tops and from 
measured reactions are in close agreement. Centers of pressure deter- 
mined from measured strain fall on thrust lines determined from 
measured reactions. All of these considerations support the belief that 
the experimental data have been determined with a high degree of 
accuracy. 


39. Verification of Elastic Theory—The diagrams of Figs. 29 to 40 
inclusive that have ordinates obtained by the application of a unit 
load agree closely with the corresponding diagrams obtained by the 
elastic theory. This would apparently indicate that the errors in the 
assumptions upon which the analysis is based do not greatly affect 
the results of the analysis. The diagrams of Fig. 50 apparently indi- 
cate that this statement holds even though the thrust line is so far 
outside of the kern as to crack the rib. In view of these results it ap- 
pears justifiable in analyzing a multiple-span arch on elastic piers 
to assume that H# has the same value at all sections and at all stresses, 
tension or compression, and to compute the moment of inertia of a 
section on the basis that concrete takes tension. Moreover, the value 
of Z used in the analysis may vary considerably from the true value 
without seriously affecting the reactions due to loads. as 


40. Influence of Pier Deflection upon Stress Distribution. — The 
diagrams of Fig. 31 indicate that the influence ordinates for each of 
the components (H, V, and M) of the reaction at the springing is 
greatly affected by the elastic deformation of the pier. The stress at a 
given section, however, is a function of all three components of the 
reaction and, except for sections of the rib near the springing, is not 
necessarily so greatly affected as the individual components. This is 
apparent from the influence lines for stress at C4 in Fig. 24. The 
maximum stress in the three-span series due to the design live load, 
given in Table 39, is 736 lb. per sq. in. at the extrados on the section 
through C4; and the corresponding stress in a single span with fixed 
ends, given in Table 40, is 543 lb. per sq. in. at the extrados on the 


i 
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7 TABLE 55 


Maximum Stress at East SPRINGING oF Center Span Dur To Design 
Loap, CaLcuLaTEep By Exastic THEORY 


Stress _ 
Toad rier Height Ib. per sq. in. 
Extrados ' Intrados 
PU CRONOR Gi Me ieiatoa) we isl 7c kau ataie egies alaeas All heights —342 —128 
» Three Span Series on Elastic Piers 

Ave LOBUN fete naucine Waieais ae FOR eee d 20 +359 —427 

15 +334 —401 

10 —228 +186 

Dead load plus live load... ..........22005 20 + 17 —555 

15 + 8 —529 

10 —570 + 58 

Center Span with Ends of Rib Fixed 
MSO OR rc cnlol susaiasciorsla meee meleaieas sists + |, wieiaecalevale wieie's —401 +345 
iPead load plus live load. nc cscscac sce sane] aicclews cies eee —743 +217 
Desien Loaps 
Load, in lb., at Load Point No. 
Load Pier peaebe 
: 1 2 3 4 5 6 Ff 8 

Mead 1OGd v5.0.6 10.6. +. + All heights 10 000 | 6600 | 5900 | 4700 | 4700 | 5900 | 6600 | 10 000 
Eave load.) <../.s\s0 0 20 960 | 2760 960 939 302 0 0 0 
15 960 | 2760 960 875 161 0 0 0 
10 0 0 0 520 960 | 2760 960 960 
Fixed Ends 0 0 221 911 960 | 2760 960 960 


ee ee eee ee ee ee ee 
Computations are based on n = 9. Stresses are computed from moment and thrust on assump- 


tion that concrete takes tension. 
A plus (+) sign indicates a tensile stress. 


section through C3. That is, for the design live load the stress near 
the crown is increased about 32 per cent by the flexure of the pier. 
This is for a structure having 20-foot piers. For a structure having 
10-foot piers the increase is only 20 per cent. 

Table 55 shows the maximum design load stress at the east spring- 
ing of the center span, both when it is supported on elastic piers and 
when it is fixed at the two ends. The maximum stress when the span 
is supported on 20-foot piers occurs at the intrados, and is 555 Ib. 
per sq. in. The maximum stress for the span with fixed ends is at the 
extrados, and is 743 lb. per sq. in. That is, for this arch, the flexure 
of the pier increases the maximum stress near the crown and decreases 
the maximum stress near the springing of the center span. 
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Although the flexure of the piers decreases the negative moment at — 
the springing of the center span, it increases the negative moment at 
the abutment of the end span. This becomes apparent upon compar- 
ing the influence ordinates for the moment at A of AB in Table 31 
with the corresponding functions in Table 3. 


X. SUMMARY OF RESULTS 


41. Summary of Results—The tests described in this report ap- 
parently justify the following conclusions relative to the behavior of 
a three-span series of arch ribs on high piers: 

(1) The elastic theory based upon the usual assumptions gives 
values for the moment, thrust, and shear at various sections that agree 
with the measured values within the tolerance of the tests. 

(2) In analyzing a multiple-span arch series on elastic piers it | 
may be assumed that Z has the same value-at all sections and at all 
stresses, tension or compression, and the moment of inertia of a sec- 
tion may be computed on the basis that concrete takes tension. More- 
over, the value of Z used in the analysis may differ considerably from 
the true value without seriously affecting the reactions due to loads. 

(3) For the structure tested, the flexure of the piers increased the 
maximum live-load stress in the rib near the crown of the center span 
and near the abutment of the end span, but decreased the correspond- 
ing function for the springing of the center span. 

(4) The maximum unit compression due to design load (dead load 
plus live load) was 13 per cent greater for the three-span series on 
20-foot piers than for a similar single span with fixed ends. 

(5) Considerable cracking of the arch rib did not greatly alter the 
position or magnitude of the thrust. . 

(6) The concrete in the arch developed approximately the same 
unit stress as the same concrete in 6-in. by 12-in control cylinders. 


